Abstract. We present a community-led assessment of the solar system investigations achievable with NASA's next-generation space telescope, the Wide Field Infrared Survey Telescope (WFIRST). WFIRST will provide imaging, spectroscopic, and coronagraphic capabilities from 0.43 to 2.0 μm and will be a potential contemporary and eventual successor to the James Webb Space Telescope (JWST). Surveys of irregular satellites and minor bodies are where WFIRST will excel with its 0.28 deg 2 field-of-view Wide Field Instrument. Potential groundbreaking discoveries from WFIRST could include detection of the first minor bodies orbiting in the inner Oort Cloud, identification of additional Earth Trojan asteroids, and the discovery and characterization of asteroid binary systems similar to Ida/Dactyl. Additional investigations into asteroids, giant planet satellites, Trojan asteroids, Centaurs, Kuiper belt objects, and comets are presented. Previous use of astrophysics assets for solar system science and synergies between WFIRST, Large Synoptic Survey Telescope, JWST, and the proposed Near-Earth Object Camera mission is discussed. We also present the case for implementation of moving target tracking, a feature that will benefit from the heritage of JWST and enable a broader range of solar system observations.
Introduction
The Wide Field Infrared Survey Telescope (WFIRST) is NASA's next flagship space observatory after the James Webb Space Telescope (JWST). WFIRST will have a 2.4-m primary mirror, equivalent to the Hubble Space Telescope (HST) and is on track to launch in the mid-2020s, with a 6-year nominal mission. This telescope (Fig. 1 ) will have two instruments onboard: The Wide Field Instrument (WFI) with a 0.28-deg 2 field-of-view (FOV) (Fig. 2) , which includes an Integral Field Channel (IFC) that will obtain spectral information over the entirety of its FOV (3.0 00 × 3.15 00 ) and the Coronagraphic Instrument (CGI), which is designed to take images and spectra of super-Earths. These instruments will be capable of imaging, grism spectroscopy, and R ∼ 100 imaging spectroscopy over the near-infrared wavelength range (0.6 to 2.0 μm), and coronagraphic imaging and spectroscopy from 0.43 to 0.98 μm). For solar system observations, the primary modes will be imaging, R ∼ 100 spectroscopy, and coronagraphic imaging; grism spectroscopy will not be discussed further.
WFIRST will operate at the Earth-Sun L2 point and its primary goal will be to carry out the following science programs: (1) an exoplanet microlensing survey near the galactic bulge, (2) CGI observations of exoplanets, (3) imaging and grism spectroscopy of galaxies at high galactic latitude, (4) a supernova survey with three different imaging depths and a spectroscopy component, and (5) Guest Observer (GO) science. Funding for the analysis of survey data outside the defined science teams will be part of the Guest Investigator (GI) program. GO programs are expected to comprise ∼1.5 years, or ∼25%, of the nominal mission duration.
The imaging and spectroscopic capabilities of WFIRST 1,2 are well-suited for studies of solar system objects. In particular, the wavelength ranges of the IFC (0.6 to 2.0 μm) and the WFI (0.43 to 2.0 μm) cover diagnostic absorption features due to atmospheric gases, as well as minerals and ices on the surfaces of terrestrial bodies. The IFC provides spectral information over its entire FOV (3.0 00 × 3.15 00 , 0.05″ or 0.10″/pixel plate scale), enabling analysis of cloud compositions, atmospheres, terrestrial surfaces, and comet Comae. The WFI will make observations through broadband filters (Table 1 ) with a pixel scale of 0.11″/pixel. Figure 3 shows diameter versus observer distance Fig. 1 Four computer-generated models of the WFIRST spacecraft from different angles. The primary mirror is 2.4-m in diameter, equal to the primary mirror on the HST. WFIRST will orbit around the Earth-Sun L2 point located ∼1.5 million km from Earth, similar to the JWST. 1 (Spacecraft images from wfirst.gsfc.nasa.gov). Fig . 3 Diameters of minor bodies and irregular satellites that can be detected at the imaging depth for the WFI filters over a range of observer distances. Table 1 provides the values for the imaging depth of each filter. 1 The R062 filter is not included because imaging depth information is not yet available. The imaging depths for the Z087, Y106, J129, and H158 filters are comparable, so we used the average imaging depth for calculating the diameter of bodies detectable through these filters. For these calculations, we assumed hypothetical minor bodies with visible geometric albedos of 0.08 and observations at the maximum solar elongation angle of 126 deg. We then estimated radii by scaling to Charon, a spherical, neutral-colored object in the visible, using heliocentric distance, observer distance, V magnitude, visible geometric albedo, and radius. Charon's heliocentric distance, observer distance, and V magnitude were determined on an arbitrary date using JPL Horizons and the albedo and radius were taken from Ref. 3 . No additional spectral features were considered. We also assumed no loss of SNR due to streaking (though this can be a nonnegligible effect for NEAs, main-belt asteroids, and other inner solar system objects). The inset plot shows a zoom-in on observer distances of ∼0.7 to 5.2 AU, which includes NEAs, main-belt asteroids, Jupiter Trojans, and some comets.
for an object at the imaging depth magnitude for each WFI filter in a 1000-s exposure.
The primary WFIRST instruments for solar system science are the WFI and the IFC, but observations should also be possible with the CGI. The CGI is a coronagraph designed for imaging and spectroscopy of exoplanets with a contrast of 10 −9 (Δm ¼ 22.5). The CGI covers 0.43 to 0.98 μm and has an inner working angle (IWA) of ∼0.15 00 . The FOV is 10 00 × 10 00 and the pixel scale is 0.0208″/pixel at 0.48 μm. By blocking the bright central object, the CGI could be used for the study of satellites around main-belt asteroids (Sec. 5.2) and detection of activity around active asteroids and Centaurs. Due to the small IWA, observations of the ring systems of Uranus and Neptune (angular diameters of 3.7″ and 2.3″, respectively) would likely not be useful, since only a small fraction of the disks of these planets would be blocked. The wide FOV of the WFI (0.28 deg 2 ) will revolutionize targeted surveys. Large regions of the sky that typically required many pointings will be observable in one pointing with WFIRST. Exploration of the entirety of the Hill spheres surrounding the giant planets could add to the population of irregular satellites already known around these planets. The efficiency of surveys aimed at identifying new minor bodies would increase. Serendipitous occultations utilizing the rapid cadence of guide star imaging may yield more occultation candidates because each of the 18 detectors of the WFI has the ability to obtain its own guide star. A significant amount of deep imaging data will be obtained during the 75% (∼4.5 years) of the mission dedicated to astrophysics surveys, leading to the potential for serendipitous detection of new solar system objects, such as asteroids, comets, Centaurs, and KBOs.
However, as with any ground-or space-based telescope, there are limitations to WFIRST's ability to observe solar system targets. A major limitation is the field of regard (FOR). WFIRST's solar panels act both to power the spacecraft and shield the telescope and instruments from solar radiation. Thus certain orientations with respect to the Sun are not allowed and only regions of the sky between solar elongation (Sun-WFIRST-target) angles of 54 deg and 126 deg will be observable at any given time (Fig. 4) . This means that objects at opposition, when they are often brightest, will be unobservable. Additionally, inner solar system objects such as the Sun, Mercury, Venus, Earth, the Moon, and some near-Earth asteroids (NEAs) and comets will be unobservable. A further limitation is the assumed 30 milliarcsecond/s (mas/s) speed limit on nonsidereal tracking; this is the nonsidereal tracking limit for JWST, 4 corresponding to the approximate maximum rate of motion of Mars and was adopted as the nominal tracking limit for WFIRST. This affects the number of NEAs and longperiod comets that can be observed (untrailed) by WFIRST (Sec. 3.1), with ∼10% of NEAs and >50% of long-period comets trailing across images when they are in the FOR. A further discussion of nonsidereal tracking, and the effects on solar system science with WFIRST without it, can be found in Sec. 3.1.
Scope of the Paper
The WFIRST Solar System Working Group (SSWG) was formed in December 2016. Membership was advertised to the solar system science community through an open call for volunteers. Presently, its members span the range of solar system expertise, including the many minor body populations, giant planet atmospheres, satellite studies, and occultations. The SSWG members divided themselves into seven subgroups covering these topics: asteroids/NEOs/potentially hazardous asteroids, giant planets, satellites, Titan, KBOs/TNOs/Centaurs/ binaries, comets, and occultations. Each subgroup was tasked with identifying the science capabilities of WFIRST as well as key augmentations to facilitate an active planetary science program. In response, the subgroups produced science cases in their respective fields and are presented in more detail in later sections, with a summary provided in Table 2. Tables 3  and 4 list brightness estimates for a variety of solar system targets, some of which are explicitly discussed in this paper. The WFIRST FOR is the region of the sky observable by the telescope at any given time. Observations of objects at opposition are not allowed, nor are observations of objects in the inner solar system (e.g., the Sun, Mercury, Venus, Earth, and the Moon). (a) The FOR is bounded by solar elongation angles of 54 deg and 126 deg. Viewing the FOR from above the ecliptic plane shows that there are two separate regions in opposite sides of the sky visible to WFIRST. A (relatively slow-moving) solar system object in the leading field will be observable for ∼72 days, then not observable for ∼108 days, then enters the trailing region for ∼72 days, and following that is unobservable for another ∼108 days. The exact durations vary depending on the rate of motion and inclination of the object (objects further from the ecliptic will be observable for longer periods of time). In the following sections, we discuss the desired instrumental capabilities and proposal categories for solar system observations (Sec. 3), the successful use of past and present astrophysics assets for solar system science (Sec. 4), the high-impact solar system investigations possible with WFIRST (Sec. 5), the usefulness of the astrophysics surveys for serendipitous detection of minor bodies (Sec. 6), and additional science investigations achievable with WFIRST (Sec. 7).
The science cases discussed in Secs. 5-7 were based on the baseline WFIRST mission, which includes the WFI, IFC, and CGI instruments, wavelength coverage from 0.6 to 2.0 μm, and moving target tracking. A large fraction of our proposed science investigations would be negatively impacted if the IFC or moving target tracking was removed from the mission. Figure 5 shows an impact assessment for each of the science cases when considering the removal of moving target tracking, the IFC, or both from the baseline mission. Only two investigations, detection of inner Oort Cloud objects and occultations (both targeted and serendipitous), would be unaffected by the proposed changes; all other investigations would be negatively impacted, with most becoming impossible to carry out. We, Note: Objects considered in this table are at least 2 WFI pixels in diameter and are, therefore, extended objects. For the "comet example," we take the coma/nucleus brightness ratio be 250, with information on the "nucleus" found in Table 4 . The heliocentric (r ) and observer (Δ) distances were obtained using JPL Horizons, with the observer at the Earth-Sun L2 point in 2025; the observer distance corresponds to the smallest value in 2025 when the object is in WFIRST's FOR. D is the diameter of the object and p v is the visible geometric albedo. The flux density at 1.5 μm (λ 0 of the W149 filter), in Janskys, was calculated by considering the reflected solar flux and the emitted thermal flux from each object. The solid angle, in units of square arcseconds, was calculated as πðD∕2ΔÞ 2 . We assume the solid angle of an extended comet coma is 0.20 arc sec 2 .
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Desired Mission Enhancements

Nonsidereal Tracking
WFIRST will excel in the serendipitous identification of new irregular satellites and minor bodies and will not require moving target tracking for this purpose. However, many of the other imaging and spectral investigations discussed in this paper require moving target tracking. Solar system objects moving <30 mas∕s, the nominal tracking rate based on the value for JWST, can be tracked exactly without blurring the object on the detector. Objects moving faster than 30 mas/s, including NEAs and long-period comets, can be tracked at the maximum rate, but will smear across the detector, even in the 2.7-s readout time for each individual WFI detector. As shown in Table 2 , a 30-mas/s track rate (the maximum apparent rate of Mars) is Values for the "nucleus" in the "comet example" are assumed. The diameter of 617 Patroclus is the effective diameter of the binary system, and the geometric albedo is the system albedo. The heliocentric (r ) and observer (Δ) distances were obtained using JPL Horizons, with the observer at the Earth-Sun L2 point in 2025; the observer distance corresponds to the smallest value in 2025 when the object is in WFIRST's FOR. D is the diameter of the object and p v is the visible geometric albedo. The flux density at 1.5 μm (λ 0 of the W149 filter), in millijanskys, was calculated by considering the reflected solar flux and the emitted thermal flux from each object.
Journal of Astronomical Telescopes, Instruments, and Systems 034003-5 Jul-Sep 2018 • Vol. 4 (3) adequate for most investigations discussed in this paper; about 10% of NEAs and >50% of long-period comets (Sec. 7.3) would be unobservable at this rate. Increasing this rate to 60 mas/s would enable observations of >99% of NEAs and would significantly increase the observability of long-period comets, primitive remnants of the formation of the solar system. We understand that such a high track rate may not be achievable, but any increase over the nominal 30 mas/s rate would nonetheless help increase the number of NEAs and long-period comets trackable with WFIRST. Without moving target tracking, targeted observations of all solar system objects, even the slowest moving objects in the Kuiper belt, will be affected by blurring. Distribution of an object's flux over a larger number of pixels is not ideal, as this means more pixels must be included in the photometric extraction aperture, reducing the signal-to-noise ratio (SNR) through an increase in read noise and the contribution of background sources (thermal, zodiacal, etc.). In Fig. 6 , we present the blurring of flux in individual pixels with and without moving target tracking of 30 mas/s. The WFI point spread function (PSF) is slightly larger than one pixel, but the results in Fig. 6 can be applied to each individual pixel in the PSF, as well as each pixel in an extended object. Thus, this effect is even more significant for realistic point sources and extended objects. It would be important to commission moving target tracking at 30 mas/s, and possibly 60 mas/s, at the beginning of the mission so that WFIRST can carry out the full suite of solar system observations described in this paper, as well as complement JWST observations. Based on mission lifetimes, WFIRST may one day be the only operational space-based near-infrared facility, so reducing the constraints on observable moving targets will be necessary to enable a wide range of solar system studies into the 2030s.
K-Band Filter
The inclusion of a K-band (∼2.0 to 2.4 μm) filter in the WFI filter wheel would result in a wider variety, as well as more comprehensive, solar system investigations. For instance, imaging in the K-band would provide higher contrast on Io between emission from the surface and emission from active volcanic eruptions (Sec. 7.2.1). A K-band filter would also support imaging to different depths within the atmospheres of the giant planets (Sec. 7.1) and Titan (Sec. 7.2.3) compared to the currently commissioned filters and provide a useful test of the color dichotomy among Jupiter Trojans identified in groundbased data (Sec. 7.4.3). Red, yellow, and green boxes correspond to the three different levels of impact for the two potential cases of no moving target tracking and removal of the IFC. Red means that the entire science investigation, as outlined in Secs. 5-7, would no longer be feasible, yellow means that a large fraction of the science investigation would be significantly impacted, and green means that there would be no impact. Fig. 6 Blurring of the flux contained within one WFI pixel (0.11″/pixel) in one detector readout time (2.7 s) for the cases of no moving target tracking and moving target tracking of up to 30 mas/s. For example, a value of 2.0 pixels means that the flux that would be contained within any pixel of a stationary target's PSF is now evenly spread over two adjacent pixels, resulting in a reduction in the SNR when performing photometry. This of course assumes the target moves exactly in the x -or y -directions; the flux would be spread over additional pixels if the target moved at any intermediate angle, further reducing the SNR. The WFI PSF is >1 pixel in all filters, but the blurring quantified here applies to every pixel in the PSF. Objects moving up to 30 mas/s can be tracked exactly, resulting in no blurring; objects moving faster than 30 mas/s, including NEAs and long-period comets would experience significantly less blurring by making use of the maximum track rate. Observations of all objects, even those moving at the slowest rates, would be affected if moving target tracking is not supported for WFIRST.
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Two different groups of Jupiter Trojans have been identified based on their near-infrared colors, suggesting two different origins (Sec. 7.4.3). Only a few dozen Trojans have measured near-infrared colors, but further characterization of these groups and an evaluation of their origins with WFIRST would not be possible without a K-band filter. The groups were identified in J-K versus 0.85-μm-J color space; 5 WFIRST can approximate these measurements with the Z087, J129, and a K-band filter to further evaluate the existence of the two-color classifications. Extending these measurements to smaller members of the Trojan population, an investigation not currently achievable with ground-based telescopes, is important for testing collisional theories and the origin of this population of minor bodies. 6 In general, observations through a K-band filter would support more accurate compositional determinations of fainter minor bodies for which spectroscopy is not feasible. 7 The strongest water ice absorption band spans ∼1.9 to 2.1 μm (Ref. 8) and presents the best opportunity to detect this ice species, even in smaller quantities on very faint minor bodies, and K-band photometry would provide a more definitive identification than photometry with the F184 filter (Fig. 7) . For detections of water ice, the H158 filter covers a region that includes the 1.5-μm amorphous water ice and 1.65-μm crystalline water ice features, but these features are weaker than the 2.0-μm feature and will be harder to detect photometrically for fainter objects. The detection would be made more difficult if crystalline water ice is not present on the surface, as this feature would no longer be present in the spectrum. Together, the H158 filter and a proposed K-band filter could be used to make definitive determinations of water ice on outer solar system minor bodies.
Extending photometric measurements to these longer wavelengths would in turn extend the range of near-infrared spectral photometry. Comparison of spectral slopes provides useful information for comparing compositional properties between bodies. The wider the overall wavelength range, the more useful the comparison, since an ice or mineral present on one body but not another will be evident in the spectral slope. The K-band is an especially useful indicator due to strong absorption features of many potential surface components, including water ice, methane, pyroxene, and methanol. K-band photometry could, therefore, be the decisive measurement for determining whether or not two bodies have similar surface compositions. Table 5 presents the limiting AB magnitudes (roughly equivalent to V magnitude) and sensitivities for five different K-band filter options. These numbers were calculated for a telescope operating temperature of 260 K. The aperture for the extended sources is circular with a half-light radius of 0.3″. Comparison of the numbers in the third column of Tables 5 to 3 and the fifth  column of Tables 5 to 4 shows that any of the K-band filter options could be useful for observations of objects throughout the solar system. Any of these filters would be especially useful for extended sources, since extended sources in the solar system tend to be very bright compared to point sources; very high SNRs will be achievable on the giant planets, their large satellites, and bright main-belt asteroids.
The solar system community will be able to make use of a visible-band filter if that is chosen instead of a K-band filter. (The most important WFIRST capability for solar system observations is moving target tracking, discussed in Sec. 3.1.) Such observations with a visible band filter would be comparable to those with HST and include searching for and characterizing satellite orbits around minor bodies due to higher flux and tighter PSF FWHM in the visible, [11] [12] [13] atmospheric mapping on the giant planets, 14 and the study of activity around asteroids, Centaurs, and comets, to name a few potential investigations.
Parallel Observations
Assuming there will be no data volume issues, the ability to propose for parallel observations through the GO program would benefit efforts for serendipitous detection of minor bodies. Specifically, use of the WFI during fixed target observations with the IFC or CGI would provide coverage over the adjacent 0.28 deg 2 WFIRST FOV for analysis of the presence of moving targets. Longer exposures, necessary for the identification of fainter objects, will result in streaking of moving targets, allowing for quick identification (but lower-SNR photometry). In a 1000-s exposure, objects at 0.5, 3.0, 4.2, 14.0, 29.0, and 49.0 AU will move ∼1085, 74, 45, 8, 3 , and 1 pixels, respectively. (These distances correspond to typical observer distances for NEAs, main-belt asteroids, Jupiter Trojans, Centaurs, inneredge KBOs, and outer-edge KBOs, respectively.) Estimated Fig. 7 Near-infrared spectrum of crystalline water ice measured in a laboratory setting at 40 K. 8 Only a handful of spectra of minor bodies and satellites in the outer solar system exhibit strong water ice absorption features. It is more common for the spectra of these objects, if water ice is present, to show a broad, shallow absorption feature at 2.0 μm, and very little detectable absorption at shorter wavelengths.
9,10 Without a K-band filter, constraining the presence of water ice on small outer solar system bodies with WFIRST will not be possible. The various options for WFIRST K-band filters (Table 5 ) are identified by their maximum wavelengths and plotted against the H158 and F184 filters for comparison. diameters of minor bodies in a 1000-s exposure through the various WFI filters can be found in Fig. 3 . Multiple 1000-s exposures with the WFI during especially long exposures on a fixed target with the IFC or CGI would be required to confirm movement for more distant KBOs (≥50 AU). With the right analysis tools, images taken in parallel will be useful for photometry and astrometry of serendipitously detected minor bodies from the inner to the outer solar system. 
Detector Subarrays
Target of Opportunity Programs
Target of opportunity (ToO) programs are standard at many observatories, both ground-and space-based, and we would like to see them made available for WFIRST. Quick followup observations (within 1 week, with faster turnaround for faster-moving objects) of newly discovered objects reported by WFIRST, Large Synoptic Survey Telescope (LSST), and other facilities would enable orbit calculations and the initial study of physical properties. Such objects would include NEAs, comets, main-belt comets (MBCs), Trojan asteroids, Centaurs, and KBOs; follow-up of NEAs would require a fast turnaround time of a few days, while KBOs could be followed up a week later. A compelling use of ToO programs is for the study of the relatively new population of extrasolar asteroids on hyperbolic orbits, such as 1I/2017 U1 ('Oumuamua). 15 The observing window for these objects is very short due to their unusual orbital inclinations, small sizes, and high velocities as they travel through the inner solar system. With the availability of ToO programs and proper planning, WFIRST, and the high-sensitivity WFI in particular, will be capable of following up on future extrasolar asteroid detections for longer periods than any other facility.
ToO programs would also be useful for triggering observations of transient events such as Centaur outbursts, fragmentation events, onset of cometary activity, volcanic eruptions on Io, and impacts on asteroids and the giant planets (a few days); and for occultations that may be uncertain at the time of proposal submission (∼2 to 4 weeks). It is unlikely that ToO activations could occur during the microlensing survey, but we would request that they be able to interrupt any of the other four astrophysics surveys (the CGI exoplanet characterization, HLS imaging, HLS spectroscopy, and supernova surveys).
Large Programs
Targeted survey programs would benefit from the availability of a handful of large programs during each cycle. Such programs would enable targeted surveys in the vicinity of the ecliptic for detection of asteroids, Trojans, Centaurs, KBOs, and Jupiter family comets (JFCs). Coverage of a few contiguous WFI fields with a cadence of a few hours and a duration of a few weeks could probe very deep in a less-crowded field than the one covered by the microlensing survey (Sec. 6.2). Such large programs are currently offered by HST and the Gemini Observatory and are planned for JWST starting in cycle 1.
4 Solar System Science with Astrophysics Assets 4.1 Public Interest in Solar System Science WFIRST, in the tradition of other NASA astrophysics assets, is primed to deliver observations of solar system objects that will not only contribute to the advancement of the field, but also excite the public. As seen in Fig. 8 , solar system observations performed with HST account for a proportionally larger share of the total number of press releases compared to the time awarded to these programs. Solar system observations, therefore, contribute in a very significant way to the public profile of a space telescope mission, while only accounting for a small percentage of the total observing time (in HST cycles 22 to 24, solar system observations accounted for only ∼2.3% of the total orbit allocation and ∼15.4% of the press releases).
Previous Use of Astrophysics Assets
The past quarter century has seen an increase in the number of astrophysics assets located in space. Furthermore, there is an ongoing shift from locating these facilities in low-Earth orbit to the Earth-Sun L2 point. This is due to the need to place these infrared facilities in a stable thermal environment away from the thermal pollution that pervades the near-Earth region and is indicative of the desire in many fields of astronomy for observations at longer wavelengths. Solar system science is one . The small blue wedge represents the number of HST orbits for solar system observations, whereas the large green portion represents all other science categories. Solar system observations accounted for ∼2.3% of the total orbits in this time span. (b) Pie chart of the press release breakdown by science category for the period covering 2015 to 2017, the only period for which reliable data exist. The same color scheme is used in both pie charts. This date range primarily contains press releases from programs executed in cycles 22 to 24. Solar system science accounts for a disproportionately large fraction of the number of press releases (and therefore, public outreach and awareness) compared to the orbits granted for solar system observing programs: ∼15.4% versus ∼2.3%.
such field, and we will look to use WFIRST in the same manner as the other astrophysics assets before it. The most successful of these previous astrophysics assets, both in terms of longevity and output, is the HST. HST has made significant contributions to our understanding of the solar system, from the atmosphere of Venus to the surface compositions of KBOs, but one area in which HST has really excelled is the detection of new satellites, especially in the outer solar system. These discoveries include two new classical Uranian satellites, 16 one new classical Neptunian satellite, 17 the identification and characterization of dozens of KBO binaries, 18 -21 a hierarchical triple system in the Kuiper belt, 22 and the recent detection of a satellite around each of the dwarf planet-class objects Makemake 23 and 2007 OR 10 . 24 In the case of the ice giants, these new, small satellites paint a more complicated picture of satellite origins and evolution: the small Uranian satellites point to a dynamic picture of moonring interactions, 25 while the New Neptunian satellite provides evidence that the capture of Triton resulted in the destruction of the original inner satellites and accretion of the current satellites. 26 For the KBOs, calculating the orbit of a satellite provides an estimate of the system mass, which tends to be dominated by the primary. The total mass of the Kuiper belt is currently not well-constrained because the size distribution and binary fraction of KBOs are only poorly understood. The mass of the current Kuiper belt is important for comparison to the predicted mass of the primordial Kuiper belt: how much material was lost from the solar system or captured into other minor body populations? WFIRST will be able to contribute to this topic, both through detection and characterization of more wide KBO binary systems and colorimetry of other minor body populations.
Some of these satellite detections were made in the Pluto system. Of Pluto's five satellites, only one, Charon, was discovered using a different facility. 27 The four minor satellites, Styx, Nix, Kerberos, and Hydra, were all discovered in deep images from HST. 11, 28, 29 Other important observations of the Pluto system were made with HST, including surface maps of Pluto and Charon 30 that provided valuable pre-flyby context for NASA's New Horizons mission and the discovery of potential chaotic rotation of the minor satellites. 31 The target of the New Horizons extended mission, 2014 MU 69 , was also discovered using HST. 32 Astrophysics assets have provided valuable support and follow-up for other planetary missions. NASA's Spitzer Space Telescope obtained mid-infrared spectra of the deep impact target, comet 9P/Tempel, shortly after the impactor hit the surface. 33 These spectra provided valuable information on the composition of the excavated material and the chemical make-up of the comet as a whole. Spitzer was also responsible for the discovery of Saturn's largest, most diffuse ring, the Phoebe ring, which went undetected by the in situ Cassini spacecraft. 34 But not all observations in support of a planetary mission have been simultaneous. A tentative detection of water vapor around Ceres was reported from far-infrared observations made with the Herschel Space Observatory prior to the Dawn spacecraft's arrival in 2015. 35 This detection supports the idea that some main-belt asteroids formed at larger heliocentric distances and migrated inward. HST provided long-term followup observations of images from Voyagers 1 and 2 of Titan and Triton, resulting in the detection of seasonal changes on both satellites. 36, 37 (The Titan observations were made only a few months after the launch of HST in 1990.) Other HST observations have provided context and momentum for future missions, such as Europa Clipper, with the recent detection of water ice plumes around Europa. 38, 39 WFIRST is set to operate during some of these future missions and will, therefore, be able to provide simultaneous support observations, including hazard mitigation, and possibly generate momentum for the next generation of planetary missions in the 2030s and 2040s.
Large observing programs with astrophysics assets have enabled the study of sizeable samples of minor body populations. Expansive, consistent data sets were produced with Spitzer, Herschel, the Wide-field Infrared Survey Explorer (WISE), and the repurposed NEOWISE mission (an ongoing, as of early 2018, extension to the WISE mission following the depletion of coolant). 40, 41 The "TNOs are Cool" Herschel program was a survey of KBOs at far-infrared wavelengths for the purpose of calculating diameters and albedos. 42 At the time of this writing, 13 papers based on these data have been published. Two of those papers combined Spitzer and Herschel data to better constrain the thermal properties of Centaurs and KBOs. 43, 44 Spitzer also produced a consistent data set for the study of the size and activity of a significant fraction of the known JFC population, resulting in a new classification scheme for comets. 45, 46 WISE, and the later NEOWISE extension, were dedicated survey missions in the far-infrared that observed minor bodies from a wide variety of different populations, including ∼100;000 main-belt asteroids, 5 active asteroids, 163 comets, and 52 Centaurs and KBOs. [47] [48] [49] According to the MPC, WISE is credited with the discovery of 3832 numbered minor bodies, including the first and only known Earth Trojan asteroid. 50 Earth Trojans are difficult objects to detect from the surface of the Earth because they typical transit ∼2 h before sunset or after sunrise (Sec. 5.1). Surveys with astrophysics assets can also operate in the time domain. An ongoing Hubble 2020 program, the Outer Planet Atmospheres Legacy, will obtain complete maps of each of the giant planets once a year for every year that HST continues to operate in order to resolve long-term atmospheric changes, such as the evolution of features in Jupiter's atmosphere. 14 Some solar system observations made unexpected use of astrophysics assets or produced very surprising results. For instance, x-ray emission from Pluto was detected using the Chandra X-ray Observatory, but this detection at such a large distance from the Sun (∼32 AU) remains a mystery. 51 Active comets are known to produce x-rays and were previously studied with Chandra. 52 Also, at a heliocentric distance of 32 AU, but at longer wavelengths, Herschel provided an albedo measurement of comet Hale-Bopp ∼15 years after perihelion; the albedo was much higher than that of a typical comet, suggesting freeze-out of fresh material onto the comet nucleus. 53 Other investigations have been performed with the Ultraviolet/ Optical Telescope on the Swift Gamma-Ray Burst mission, including a calculation of the rotation period of the dwarf planet Eris, 54 observations of active asteroids, 55 and observations of comet C/2013 A1 (Siding Spring) during its close approach to Mars. 56 Sometimes unexpected opportunities present themselves, as is the case with the repurposed Kepler mission, now known as K2. Following the loss of half of the spacecraft's reaction wheels in 2013 (necessary components for accurate pointing of the telescope), the mission was altered so that it could only observe fields along the ecliptic. This resulted in high-cadence time-domain observations of solar system objects such as the rotation light curves of Jupiter Trojans, 57 the KBO 2007 OR 10 , 58 the irregular satellites of Uranus, 59 and Neptune's atmosphere. 60 The slow rotation period observed for 2007 OR 10 led to a search for a satellite that was ultimately discovered in archival HST images 24 and the Uranus field also yielded observations of over 600 main-belt asteroids, including 86 new light curves. 61 The solar system community, drawing on these previous experiences, is prepared to develop clever investigations and take advantage of unexpected opportunities with WFIRST.
Synergies with JWST, LSST, and NEOCam
It is anticipated that both JWST and the LSST will be operational during at least a portion of WFIRST's 6-year nominal mission beginning in the mid-2020s. The goal for JWST is a 10-year mission beginning in Fall 2020, and therefore, has the potential to operate in conjunction with WFIRST at L2 for up to 3 to 4 years. (JWST's nominal mission is from 2020 to 2025, which could result in no overlap with WFIRST.) The plan for LSST is to begin its primary 10-year survey in 2022, resulting in simultaneous operations over a large portion of WFIRST's nominal lifetime. Near-Earth Object Camera (NEOCam) currently has no project timeline but could conceivably be operational during the WFIRST nominal mission.
JWST
WFIRST and JWST provide complementary, rather than overlapping, capabilities to each other. Though both will orbit around the Earth-Sun L2 point, the FOR of WFIRST is nearly 50% larger than that of JWST (54 deg to 126 deg compared to 85 deg to 135 deg). Assuming both will be operating at the same time, an object on the ecliptic will first be observable by WFIRST up to 1 month prior to being observable by JWST, depending on orbital geometry. Then the object will be observable by both for ∼1.5 months, followed by 1 to 2 weeks when it is only observable by JWST. Then the process repeats in reverse for the trailing window. Together, WFIRST and JWST will be able to observe solar system objects along the ecliptic for nearly half of each year.
JWST has a larger primary mirror (∼7 times the light gathering power), a broader wavelength range (0.6 to 28.8 μm), and a handful of different spectroscopy modes, while WFIRST's major strength for solar system observations is its 0.28 deg 2 FOV (Fig. 2 ) and higher imaging, spectroscopic, and coronagraphic sensitivity. The science cases for these two observatories are, again, complementary: the JWST cases 4 typically focus on a handful of objects from important populations and are heavy on spectroscopy, whereas the WFIRST cases are directed more at surveys, larger sample sizes, and serendipitous detections with its considerable imaging FOV (see Secs. 5 and 6).
During the potential period of simultaneous operations, the two observatories could work together to increase the science gains from both. Time-domain studies of variable objects, such as comets, can be "handed off" as the object passes through the FOR of each observatory, as discussed above. WFIRST is likely to identify more minor bodies than JWST, with the brighter objects being passed to JWST for spectral observations. With the proper orbital alignment, one could even imagine WFIRST and JWST being used simultaneously for observing a stellar occultation by a minor body. Many other interesting uses of WFIRST and JWST either in tandem or in sequence may be developed and could someday lead to extraordinary discoveries in our own solar system.
LSST
The LSST is an 8.4-m ground-based telescope currently under construction on Cerro Pachón in Chile. Beginning in 2022, LSST will undertake a 10-year survey of the entire southern sky, and a small portion of the northern sky along the ecliptic, covering a total of approximately 25; 000 deg 2 . As currently planned, the same area of sky will be observed every 3 to 4 days (the exact cadence is still open to community input). Covering such a large area of sky in such a short-time period requires (1) a large FOV and (2) 62 Objects brighter than V ∼ 16, including all the planets, will saturate the LSST detector; an estimate of the saturation limit for the WFI is not currently available.
The proposed cadence of the LSST survey will provide a unique opportunity for the identification and study of minor bodies in the solar system, including improved orbit determinations, colorimetry, and rotation light curves. Consistent monitoring of small body light curves will enable the early detection of transient events such as outbursts, fragmentation, and other unexpetected activity. Specific objectives include the identification of additional objects on hyperbolic orbits, 15 taxonomic classification of NEAs, secular changes in color and rotation period for active asteroids and comets, identification of new Trojan asteroids of Mars and the giant planets, and detection of additional "extreme" Kuiper belt objects (KBOs), to name a few. 63 However, the downside to the LSST's fast cadence is that the individual observations themselves will not probe very deep. Identification of new, faint objects could be quickly followed-up with deeper observations by WFIRST, assuming an appropriate ToO program is in place (Sec. 3.5). Such a ToO program should be capable of triggering within 1 week from the desired start time of the observations (depending on the object's apparent rate of motion) to prevent loss of the newly identified object.
An interesting prospect with LSST is the identification of dwarf planet-class KBOs passing through the galactic plane. These regions are typically avoided in targeted surveys and a ∼1000-km diameter KBO could conceivably be detected in 30 s of imaging with LSST; this assumes adequate subtraction of field stars in the LSST pipeline. Even with large orbital uncertainties shortly after detection, the 0.28-deg 2 FOV of the WFI would have no issues acquiring the object for the necessary follow-up observations, or in removing the background stars due to the stable PSFs provided by space-based observations. Such observations would include deeper imaging to gain a better understanding of the physical properties of the KBO.
The SDSS filters on LSST will cover the near-UV to nearinfrared range from 0.32 to 1.05 μm, with WFIRST covering the near-infrared range from 0.6 to 2.0 μm. The overlap between these two wavelength ranges provides a means of calibrating the data sets for full spectral photometry between the near-UV and the near-infrared.
Another important synergy between WFIRST and LSST is complementary sky coverage. A major detractor for both WFIRST and JWST is their inability to observe solar system objects at opposition, when they are at their brightest. This is especially important for faint minor bodies that may be more difficult to observe at other solar elongation angles and for phase angle studies. LSST potentially fills that gap by providing coverage for objects at opposition, as long as they are observable in the southern half of the sky.
NEOCam
WFIRST may also provide complementary observations to those of the NEOCam. NEOCam was not officially selected in the previous round of Discovery-class missions but was provided with an additional year of funding in January 2017 to explore possibilities for future implementation as part of an extended phase A study. NEOCam was designed specifically to identify and characterize a larger number of currently unknown potentially hazardous asteroids (PHAs) and has the capability to measure the diameters and thermal inertias of these objects. 64 As originally designed, NEOCam images at infrared wavelengths from 4 to 5 μm and 6 to 10 μm. Simultaneous surveys by LSST, WFIRST, and NEOCam would, therefore, cover a very large region of the sky from the visible into the mid-infrared. NEOCam would also be able to observe objects moving at very high apparent rates that cannot be tracked by WFIRST. The combination of LSST's fast cadence, WFIRST's FOV and FOR, and NEOCam's tracking capability would potentially result in a complete catalog of PHAs that could threaten life on Earth.
Planetary Mission Support
NASA is currently developing a handful of new planetary missions in the Discovery, New Frontiers, and Flagship categories that will be operational in the 2020s and beyond. These missions are in various stages of development, and WFIRST will be able to provide varying levels of support for most, if not all, of them. Missions planned for the 2030s would benefit from observations for the purpose of defining science goals; currently operating missions would benefit from complementary observations made by WFIRST; and for missions nearing the end of their nominal operation period, WFIRST would provide valuable information for guiding extended mission proposals. A perfect example of a NASA astrophysics asset supporting a planetary mission was the discovery of the New Horizons extended mission target, 2014 MU 69 , by HST. 32 WFIRST's deep imaging capability may someday do the same for a future, as yet unplanned, flyby mission to the outer solar system.
WFIRST will be in a position to provide valuable context for the results of the Discovery-class mission Lucy, planned to launch in 2021. From 2025 to 2033, Lucy will encounter one main-belt asteroid and five Jupiter Trojans. 65 The Trojan targets include 3548 Eurybates, the largest member of a collisional family of Trojan asteroids; 11351 Leucus, an object with a rotation period potentially >500 h; 66 and 617 Patroclus, a binary Trojan with components of roughly equal size. 67 Observations with WFIRST would place the flyby results in context through further study of the Trojan population as a whole (Sec. 7.4.3). WFIRST could contribute to our understanding of the origins of these minor bodies, identify more collisional families through improved orbital solutions and colorimetry, identify new binaries, and measure rotation periods for a larger sample of Trojans. WFIRST should also be able to efficiently probe the relevant regions of sky to detect Jupiter Trojans down to very small sizes in order to provide additional remote follow-up targets for Lucy.
Two New Frontiers mission concepts were down-selected in December 2017 for further study and one mission will be selected for execution in July 2019 with launch planned for 2024/2025: Dragonfly 68 and the Comet Astrobiology Exploration Sample Return (CAESAR). 69 The Dragonfly concept is to place a science payload into a multirotor vehicle that can vertically take off and land on different locations of Titan's surface. The primary science objectives are to follow-up on the results of the Huygens probe by studying the composition of Titan's atmosphere, surface, and subsurface. Dragonfly would arrive at Titan in 2034, well into any WFIRST mission extension. WFIRST would, therefore, be able to provide evidence of seasonal changes on regional scales during Titan's northern hemisphere Fall in the late 2020s (Sec. 7.2.3) and provide valuable information about potential landing sites for Dragonfly. The CAESAR concept is to visit comet 67P/ChuryumovGerasimenko in 2029 and return a sample of the comet to Earth in 2038. This comet was previously visited by the European Space Agency's Rosetta spacecraft and the rationale for returning to this comet is to use that prior information to guide spacecraft and instrument design in order to increase the probability of success. By the time CAESAR arrives at 67P, the comet will have undergone two full revolutions around the Sun since the Rosetta mission. Comparison of ground-based observations and those expected from JWST and WFIRST (Secs. 7.3.2 and 7.3.3) with the Rosetta in situ data will facilitate an assessment of the environment surrounding the comet, which is important for evaluating the safety of the spacecraft.
WFIRST would also provide useful observations in support of NASA Flagship missions, such as the Europa Clipper. 70 Set to launch in the early 2020s and arrive at Jupiter in the mid-2020s, the purpose of this mission is to study the potential habitability of Europa's subsurface ocean through compositional and geologic analysis. Europa Clipper will orbit Jupiter and make multiple flybys over the surface of Europa. WFIRST will be able to provide support for these science goals through time domain, longitudinal studies of Europa's surface composition. WFIRST may be able to indirectly identify locations of recent or ongoing plume activity on Europa through spatially resolved spectroscopy of the surface with the IFC: regions with recent activity will be rich in salts and have weaker water ice absorption (Sec. 7.2.2). Longitudinal coverage over a large time baseline would help to identify regions of interest for Europa Clipper to focus on during its flybys over Europa's surface. (The JWST NIRSpec instrument will be better suited for spectral observations of Europa, but they will also be possible with the WFIRST IFC.)
The planets Uranus and Neptune have not been visited by spacecraft since Voyager 2 flew by them in 1986 and 1989, respectively. This fact was recognized in the 2013 to 2022 Decadal Survey, prompting the development of a science definition team and a report on possible Flagship missions to visit one of these giant planets. specific science objectives and flight paths of each mission. For example, WFIRST's wide FOV will provide deep imaging of the Hill spheres of these giant planets in only a handful of separate pointings, contributing to the inventory of irregular satellites (Sec. 5.3). Discovery and orbital characterization of a new irregular satellite (perhaps one that is a different color from other irregular satellites in the system) may prompt a flight path that takes the spacecraft on a close approach to the object, as was done with Cassini for Saturn's irregular satellite, Phoebe.
5 High-Impact Science Investigations
Earth Trojan Asteroids
The Trojan asteroids of Jupiter and Neptune are valuable tracers of solar system dynamical evolution, providing information specifically about the outward migration of Neptune. 71, 72 The origin of the Mars Trojan population is currently up for debate, but they could also be a population of objects captured into their current orbits early in solar system history. 73 The currently identified Venus and Uranus Trojans are thought to be minor bodies from other populations captured into temporary Trojan orbits. 74, 75 No Saturn Trojans have been heretofore identified but are thought to be highly unstable due to the gravitational influence of Jupiter; the lack of detections to this point is not surprising given their short residence times. 76 To date, one Earth Trojan has been discovered and its stability remains a complicated issue. 50, 77 Earth Trojans are notoriously difficult to detect from the ground due to their small solar elongation angles, which restricts observability to twilight at high airmasses. This particular object, 2010 TK 7 , was detected by WISE, a survey telescope, and future identifications will likely need to wait for the launch of WFIRST.
LSST is set to increase the number of known Mars, Jupiter, Uranus, and Neptune Trojans significantly and is likely to discover the first Saturn Trojans, if they exist. Spectroscopy and imaging of Trojans (and all minor bodies, for that matter) with well-characterized orbits will be one of the strengths of JWST. With these niches filled, WFIRST will be best-suited for surveying the L3, L4, and L5 points of Mars and the giant planets. However, LSST will not operate during the day and JWST has a more restrictive FOR (85 deg to 135 deg) than WFIRST, preventing observations almost everywhere within its own orbit, including observations of Earth Trojans. HST could conceivably search for additional Earth Trojans, but the search area is large and would need to be covered by the relatively small FOV of Advanced Camera For Surveys (ACS) or Wide Field Camera 3 (WFC3) (Fig. 2) . Only a few images would be obtainable during each orbit (<1 h) and the targets are relatively faint. The maximum brightness of 2010 TK 7 is V ∼ 21.2 and, based on the fact that it is the only known Earth Trojan, is likely to be one of the larger members of the population. In other words, an HST survey would be prohibitively time-consuming. WFIRST's large FOV and its more favorable FOR (Fig. 4) make it the ideal (and, in fact, only) facility for undertaking a search of the Earth-Sun L4 and L5 points. Placement of WFIRST at the Earth-Sun L2 point (∼1.01 AU) means that an object exactly at the L4 or L5 point (60 deg ahead of or behind the Earth) will be at a solar elongation angle of ∼59 deg; the minimum solar elongation that WFIRST can observe is 54 deg, resulting in a ∼5 deg buffer. (In reality, Trojan asteroids of any planet would librate around the L4 or L5 point, resulting in periods when the object would not be within the WFIRST FOR and other periods when it would be present in the FOR for a longer duration. We present the calculation for an object exactly at the L4 or L5 point for illustrative purposes.) The detection and study (colorimetry, spectroscopy, astrometry, etc.) of Earth Trojans is, therefore, an investigation unique to WFIRST, with every other major facility on the ground or in space unable to observe the L4 and L5 points for various reasons. This high-impact investigation requires moving target tracking based on the apparent rate of motion of 2010 TK 7 of ∼25 to 90 mas/s.
Dynamical modeling suggests that Earth Trojans are not as rare as current observations might imply. 77 Stability around the L4 and L5 points exists for orbital inclinations of 0 deg to 20 deg and between 28 deg and 40 deg. The stability for more highly inclined Trojans is potentially very long. WFIRST will play a very important role in the discovery of additional Earth Trojans, both because it is the only facility that can do so and because of the WFI's large FOV. The faintness of the targets and the large distribution of orbital inclinations means that a large area of sky needs to be covered to a decent depth (V ∼ 21 to 24). Near-infrared colors and spectra of the Earth Trojans will also help inform us about their origins and dynamical evolution, since color and surface composition are good indicators of a minor body's formation environment.
Discovery of one or more Earth Trojans in orbits that are stable over long-time periods (comparable to the age of the solar system) would be especially significant. Such a body could be from the same population as the Jupiter and Neptune Trojans and would be relatively easy for a spacecraft to reach, regardless of the object's inclination. Any Earth Trojan would be in the plane of the Earth's orbit once every 6 months, resulting in the possibility of multiple flybys as part of a Discovery-class mission. The in situ study of one or more Earth Trojans thought to originate in the outer solar system would be transformative for our ideas of how the solar system formed and evolved.
Binary Asteroids with the CGI
The CGI can effectively be used for observations of solar system objects, particularly for observations of binary asteroids and the detection of activity around asteroids (Sec. 7.4.2) and Centaurs (Sec. 7.5.1). In this section, we focus on CGI observations of main-belt asteroids in order to identify or confirm the presence of satellites. The study of binary asteroids is important for understanding the formation and physical processes that operated, or continue to operate, on these inner solar system minor bodies. Characterization of the satellite's orbit can provide mass and density estimates for the primary; the primary's porosity can also be constrained when taking into account information from rotation light curves. The CGI requires that targets be brighter than V ¼ 14, rendering similar CGI observations of many Jupiter Trojans, Centaurs, and KBOs impossible.
The wavelength range of the CGI is 0.43 to 0.98 μm and the IWA is 0.15″. (For JWST, the smallest achievable IWA is with the near-infrared camera (NIRCam) short-wavelength bar coronagraph combined with the F182M filter; it has a minimum IWA of 0.23″, over 50% larger than what the CGI is capable of.) In theory, with a contrast of 10 −9 , the faintest detectable satellite is V ¼ 36.5 (5-σ detection), but the real limit is set by the sensitivity of the CGI, which is not yet well-constrained, but it is safe to assume that the limit is brighter than V ¼ 36.5. The IWA corresponds to 220, 325, 430, and 540 km at observer distances of 2, 3, 4, and 5 AU, respectively. Observations of faint satellites with short orbital periods are, therefore, possible with the CGI. As an example, the Ida/Dactyl system, with Ida at V ¼ 13.6 and Δm ¼ 6.7, is composed of a primary and a satellite with mean diameters of 31.4 and 1.4 km, respectively. 78 The semimajor axis of Dactyl is not well-constrained (between 85 and 355 km), but additional constraints could be placed on its orbit with WFIRST imaging observations. 79 At ∼2.8 AU from the Sun, Dactyl could be observed with the CGI if its semimajor axis is on the larger end of the range. Discovery of similar asteroid binaries is presently only possible with spacecraft flybys, but an increase in the number of known systems is possible with WFIRST and the CGI.
Irregular Satellites
The irregular satellites of the giant planets represent a diverse collection of minor bodies potentially captured early in solar system history. Their exact origins remain uncertain due to the large diversity of orbital parameters, the lack of wellconstrained physical characteristics and surface compositions, and the small number currently known (∼100). Although all irregular satellites are the result of capture, the source populations are still debated. Some irregulars are thought to have originated in the Kuiper belt, such as Saturn's moon Phoebe 80 and Neptune's moon Triton, 26 but other satellites do not fit this paradigm, implying multiple source populations. (Interestingly, Phoebe and Triton are the irregular satellites best studied by spacecraft, and both are thought to have originated in the Kuiper belt.) As a way to better understand their origins, the irregular satellites of Jupiter and Saturn were categorized into families based on their orbital parameters (inclination, eccentricity, semimajor axis, and direction of motion). The intent was to group irregular satellites together based on known properties that suggest similar origins either from the same source population or through collisional processes. [81] [82] [83] [84] Additional information on the physical properties and surface compositions of these objects would contribute to a more accurate classification but is work best-suited for JWST. Probing the giant planet Hill spheres for new, faint irregular satellites would help to fill out the size distribution of these populations and would help inform origin theories. This work is best-suited for WFIRST.
Increasing the number of known irregular satellites requires a large imaging FOV and deep imaging in a wide-band filter, both of which are capabilities of the WFI. In a 1000-s exposure, the WFI can image point sources down to V ∼ 27.7 in the W149 filter. This translates to the detection of irregular satellites down to ∼0.3-, 1.0-, 4.5-, and 11.4-km in diameter around Jupiter, Saturn, Uranus, and Neptune, respectively. We use these diameter limits to estimate the number of irregular satellites that WFIRST would detect in combination with an estimated size distribution. We used the most up-to-date model size distribution estimates for the irregular satellites, 85 which are consistent with observed size distributions. 86 Considering both prograde and retrograde satellites and assuming that WFIRST discovers only half of the unknown irregular satellites that are above these diameters, it would find ∼1000, 200, 100, and 5 irregular satellites around Jupiter, Saturn, Uranus, and Neptune, respectively (compare this to 60, 40, 10, and 5 currently known irregular satellites, respectively). The order-ofmagnitude increase in the number of detected objects is because current surveys just barely reach the steep collisional size distribution, whereas WFIRST will go significantly deeper.
The search regions of interest around the giant planets (i.e., the solid angle of the Hill spheres as seen from Earth at opposition) are 4.7, 3.0, 1. Table 6 . Considering these values, only 52%, 18%, 9%, and 26% of the volumes of the Hill spheres of Jupiter, Saturn, Uranus, and Neptune, respectively, are known to be occupied by irregular satellites. In other words, a very large fraction of the stable volume of the giant planet Hill spheres remains to be thoroughly searched. This is not surprising given the small FOV of ground-based telescopes and the difficulty in obtaining enough observing time to cover the entirety of the Hill spheres to an appropriate depth for detection of small irregular satellites. WFIRST will provide the necessary FOV and sensitivity for deep irregular satellite searches.
To determine irregular satellite, orbits would require ∼5 sets of observations covering ∼2 years. Because WFIRST would only require ∼40 pointings with 1000-s exposures for each of these observation sets, the total observing time required to increase the number of known irregular satellites by the numbers described previously is only ∼60 h. Either as part of these follow-up observations or as an additional campaign, colors and/or rotational curves could be investigated as well, giving significant insight into the origin and evolution of these irregular satellites. These insights, when placed in context, are important for understanding the surfaces of regular satellites and for constraining solar system formation models. [89] [90] [91] Although the WFI will have a large FOV for a space-based telescope, it will be small in comparison to the new Hyper Suprime-Cam (HSC) imager on the 8.2-m Subaru Telescope. 92 The HSC has a 1.5-deg 2 FOV with a plate scale of 0.17″/pixel and can achieve a 5-σ imaging depth of 27.8 in the SDSS g filter in 3600 s (1 h), given superb conditions (New Moon, 0.5″ seeing, and transparency of 1.0). The WFI provides a comparable imaging depth (27.7, 5-σ) in only 1000 s. For the WFI to cover the FOV of the HSC to the same depth would require 6 pointings, for a total of 6000 s. However, due to the WFI's higher sensitivity, it can take shorter exposures than the HSC to reach a comparable imaging depth. Although the HSC will outperform the WFI in terms of areal coverage, the WFI will outperform the HSC in terms of depth, which is important for the detection of very faint irregular satellites (and minor bodies). Additionally, the weather conditions required for the HSC to reach a comparable depth to the WFI are very restrictive, meaning less opportunities for irregular satellite searches compared to a space-based platform like WFIRST.
Inner Oort Cloud Objects
The most distant solar system minor bodies are time capsules that preserve information from the formation of the solar system, and their orbits possibly provide clues to the presence of an as-yet-undetected giant planet. 93 These objects are distinguished from KBOs by their very large perihelion distances (>100 AU). Long-period comets are members of this population and provide useful compositional information, but we must wait until they make the long journey to the inner solar system. It is also unknown just how many of these objects are present in the outer reaches of the solar system. Identification of objects orbiting at large heliocentric distances would be the next step in understanding the formation and evolution of the solar system and would provide better context for the population of longperiod comets and various KBO populations, including the scattered disk objects (SDOs) and detached (large-perihelia) objects.
At the present time, no objects have been detected that are >100 AU from the Sun at the time of the observations; the farthest known object at this time is the large KBO Eris, currently near aphelion at ∼96 AU from the Sun. 94 The region beyond the Kuiper belt, but interior to the Oort Cloud proper, is sometimes referred to as the "inner Oort Cloud" or the "Hills Cloud." 95 Frequently identified as the source of returning long-period comets, the inner Oort Cloud does not share the same isotropic distribution of inclinations with the Oort Cloud proper. 96 Many objects have been identified with orbits that take them beyond 100 AU, but none have been detected while in this region, likely because of the extremely large orbital distances and physical characteristics of these bodies (small size, low albedo) that combine to produce very low reflected flux. High sensitivity and large amounts of observing time are required to make a detection of a small body beyond 100 AU.
Arbitrarily long exposures would be ideal for the detection of inner Oort Cloud objects but, in reality, there is a practical limit set by the flux of cosmic rays. According to Ref. 97 , JWST at the Sun-Earth L2 point will experience ∼3.3 cosmic ray events per square centimeter per second averaged over a solar cycle and assuming a shielded focal plane, which will be true for WFIRST. 1 The area of each individual WFI pixel is 100 μm 2 , meaning that ∼0.33% of pixels would be hit by a cosmic ray in a 1000-s exposure, and ∼3.3% would be hit in a 10,000-s exposure. However, this assumes that each cosmic ray affects only one pixel. It is more likely that 5 total pixels will be affected by each cosmic ray hit: the central pixel that is directly hit as well as the 4 adjacent pixels. So, for a 1000-s exposure, ∼1.65% of pixels would be affected by cosmic ray strikes, whereas ∼16.5% would be affected for a 10,000-s exposure.
The imaging depth for a 5-σ detection in a 10,000-s exposure through the W149 broadband filter is 32.67.
1 However, to reduce the effects of cosmic rays, we break the 10,000-s exposure into ten 1000-s exposures. The imaging depth for one 1000-s exposure through the W149 filter is 27.67, so coaddition of these 10 frames results in an imaging depth of 30.17, about 2.5 magnitudes brighter than for a single 10,000-s exposure. Scaling fluxes from Charon using the geometric albedo and radius from the New Horizons flyby 3 and the heliocentric distance, observer distance, and V magnitude on an arbitrary date from JPL Horizons, we calculated the V magnitude for inner Oort Cloud objects of varying sizes and heliocentric distances (Fig. 9) . We assumed a geometric albedo for these objects of 0.10, similar to SDOs. Based on these results, a 2000-km dwarf planet class object would be detectable out to distances of ∼800 AU and a 200-km object would be detectable out to ∼250 AU. The smallest detectable object at the inner edge, 100 AU, would be <50 km in diameter.
The Oort Cloud is theorized to be a spherical distribution of comets, meaning the distribution of objects across the sky is relatively uniform, and is the reservoir of dynamically new comets. 96, 99, 100 However, the shape of the inner Oort Cloud is possibly more disk-like, centered on the ecliptic, with a larger spread in ecliptic latitude as heliocentric distance increases. This means a higher density of objects in a smaller area of sky, increasing the chances that any particular pointing could detect an inner Oort Cloud object. A potential inner Oort Cloud survey could be combined, as a GO program, with a deep imaging survey of faint astrophysical sources, such as high-redshift galaxies, that would not be detected as part of the currently planned surveys. The ideal survey region would be a few tens of degrees above or below the ecliptic plane to avoid the majority of minor bodies in the solar system, and outside of regions heavily populated with galaxies, to avoid source confusion. The general strategy would be to obtain ten 1000-s exposures of a particular area of sky, then return at a later time (no later than 1 day) and obtain another set of ten 1000-s exposures with the second field offset from the first in order to increase areal coverage while probing deeper than a single visit could provide. The overlap of the two fields should be ∼25% for deeper imaging over a reasonable portion of the first field while still providing a useful increase to the survey area. This process would then continue over days, weeks, or months to build up a large, Fig. 9 V magnitude as a function of heliocentric distance for inner Oort Cloud objects of different diameters. The geometric albedo of these objects is assumed to be 0.10, comparable to SDOs. The curves correspond to different inner Oort Cloud object diameters, with labels on the right side of the plot. The dashed line marks the V magnitude limit (30.17) for detection in a coadded set of ten 1000-s exposures through the W149 filter. The gray labeled points show extreme KBOs (q > 30 AU and a > 150 AU) with decent orbital solutions if they were to be observed at the distance of their semimajor axes. Their estimated V magnitudes are scaled from present-day V magnitudes, heliocentric distances, and observer distances obtained from JPL Horizons. Note that Sedna's diameter is ∼1000 km and its geometric albedo is ∼0.32, deep survey region. An object at 100 AU, on the closest edge of the inner Oort Cloud, will move ∼4 pixels in 10,000 s, and ∼32 pixels over the course of one day and would, therefore, be the easiest to detect. More distant objects at 600 AU will only move ∼2 pixels over the course of a day, so reimaging different quadrants of earlier fields over the course of 3 to 4 days would enable detection of objects over a wide range of heliocentric distances. The imaging depth and cadence of the LSST survey is not adequate for detection of inner Oort Cloud objects (Sec. 4.3.2) and the survey area required is prohibitively large for a JWST GO program, so this investigation is only possible with WFIRST. Additionally, the large FOV of WFIRST would contribute to a larger survey area in a shorter amount of time compared to many other ground-or spacebased telescopes.
Occultation Science
Targeted occultations
Occultations of a background star by a solar system object are sources of a variety of important information for the determination of sizes, albedos, and shapes of main-belt asteroids, Jupiter Trojans, Centaurs, and KBOs; 101-105 the detection of ring systems around Uranus, the Centaur Chariklo, and the dwarf planet Haumea;
106-108 the detection and study of Pluto's atmosphere; 109 and the study of planetary atmospheres. 110 Occultation events are rare and sometimes difficult to predict depending on the quality of the solar system target's orbital solution. Expanding coverage beyond the surface of the Earth increases the chances that a particular event will be observable. With its orbital location around the Earth-Sun L2 point, WFIRST will be in position to observe occultations that will likely not be visible from Earth or other spacecraft. (In fact, JWST Guaranteed Time Observation program 1271 will attempt a proof-of-concept for space-based occultations.) Due to their slower apparent rates of motion, Centaurs and KBOs will be the primary targets; under the right conditions, WFIRST will be able to observe occultations by faster-moving main-belt asteroids and Jupiter Trojans.
In order to achieve the proper imaging cadence (≥2 Hz, with ∼25 Hz ideal for faster-moving targets), a small subarray must be available in the larger FOV for faster readout times (Sec. 3.4). The maximum readout time required is 0.5 s, with a desired readout time of 0.04 s. The readout time for individual WFIRST detectors is 2.7 s, and the guide boxes are anticipated to be 16 × 16 pixels. The readout cadence of this guide box will be 5.8 Hz, above the minimum required cadence for occultation science.
An occultation observation will consist of an occultation imaging series at ∼5.8 Hz with minimal or no dead time between images; the desired rate is determined by the sky-plane velocity of the occulting body, ideally to match or exceed the Fresnel scale (Fig. 10) . Notably, a cadence of 10 Hz is required to match the Fresnel scale for bodies in the outer solar system, such as KBOs. If a body was to have a Pluto-like atmosphere with a scale height of 60 km, a cadence of 5 Hz is always sufficient to achieve 10 points per 60-km scale height, a rule-ofthumb that allows for sufficient resolution to fit for the temperature structure. The imaging series is tracked at the sidereal rate, maintaining exact positioning on the occulted star as the occulting body passes through the field. (Nonsidereal tracking is needed for the exceptional case of mutual events when, e.g., a KBO satellite passes in front of its primary.) Separate photometry of the star and body is required before and/or after the main occultation event. Occultation durations depend on the size of the occulting body and the sky-plane velocity and can range from 1 s to several hours (for giant planet and ring events). KBOs as small as ∼15 km can be resolved with the targeted occultation technique on WFIRST, although for bodies this size there will be considerable positional uncertainties in the predictions.
Serendipitous occultations
The method of detecting and characterizing serendipitous occultations of background stars by foreground minor bodies is presently the only way to estimate the population of KBOs in the subkilometer size range; however, this method does suffer from the random and unrepeatable nature of the observations. Observing serendipitous occultations with WFIRST is possible and was previously attempted with the fine guidance sensors (FGS) on HST, 111, 112 in x-rays with the Rossi X-ray Timing Explorer, 113 and with ground-based observing programs.
114-116
Detections of subkilometer sized KBOs were reported from ground-based programs 114, 116 and two detections were reported in over 30,000 "star-hours" from the FGS. 112 However, in light of recent work on the size-frequency distribution of KBOs based on the impact crater populations of Pluto and Charon, 117 these detections are now considered likely to be false positives.
Two FGS detectors are used for guiding purposes with HST and each tracks its own guide star, so there are 2 star-hours per hour of science observations. JWST will track one star at a time using its FGS, but it is unclear if these data will be saved and transmitted to the ground. If these data are available for analysis, the cadence would be ∼15.6 Hz and 1 h of observations would correspond to 1 star-hour. LSST will not perform high-cadence imaging of stars, so serendipitous occultations cannot be mined from these data.
This same process of analyzing guide star images from HST is possible with WFIRST for imaging, integral field spectroscopy, and coronagraphy observations, though at a lower cadence than the HST FGS (5.86 Hz versus 40 Hz). 1 However, this cadence is above the 2-Hz threshold and is sufficient for identifying serendipitous occultations by KBOs and other distant solar system objects. In fact, WFIRST should provide an even better opportunity to identify serendipitous occultations than HST because each of the 18 detectors in the WFI focal plane can track its own guide star. 118 Thus, up to 18 h of star time per hour of science observations will be possible with WFIRST. Guiding will occur during the majority of the surveys and GO observations, resulting in a very large data set over WFIRST's mission lifetime for the potential detection of serendipitous occultations.
Solar System Science with the WFIRST Astrophysics Surveys
In this section, we discuss the design of the astrophysics surveys and how they could be used for solar system science, specifically the serendipitous identification of new minor bodies (i.e., near-Earth asteroids, main-belt asteroids, comets, active asteroids, Trojan asteroids, Centaurs, KBO, inner Oort Cloud objects, and extrasolar asteroids) and irregular satellites. Serendipitously detected minor bodies and irregular satellites will naturally be streaked on the detector, with the length of the streak dependent on the distance and relative velocity to the object. Orbital and photometric information can be extracted from these streaks, but the detection limits will be less sensitive than those listed in Table 1 due to the flux being spread over a larger number of pixels. The sections below are by no means an exhaustive list of possible investigations. The GI program will provide funding for analysis of data from the WFIRST astrophysics surveys. Like the GO program, funding through the GI program will be a competitive process.
High-Latitude Survey
WFIRST's high-latitude survey (HLS) is made up of WFI imaging and IFC spectroscopic components, with the purpose of observing galaxies found in a large region of the southern sky. The rest of this section focuses on using the imaging component, with its predefined strategy, for the detection of KBOs; however, imaging observations could also be possible in parallel with the spectroscopic component as a GO proposal with user-defined parameters (Sec. 3.3). The imaging component of the HLS will include observations of minor bodies that serendipitously fall within the 0.28 deg 2 FOV. The proposed ∼2200 deg 2 patrol field (large red region in Fig. 11 ) for the four-filter (Y106, J129, H158, and F184) HLS will observe KBOs on inclined, dynamically excited orbits. (This survey could also be used to search for a distant giant planet, 93 if it exists and is not found prior to the launch of WFIRST in the mid-2020s.) The multiband WFI photometry will measure the surface composition of Centaurs and KBOs, important for understanding their formation history in the early planetesimal disk and later migration under the gravitational influence of Neptune to their present orbits. The presence of KBOs in WFI imaging is strongly dependent on where WFI images on the sky. KBOs have a complex and finely structured population distribution, with the majority of the population in low-inclination, low-eccentricity orbits, placing them near the ecliptic; the sky density of KBOs decreases rapidly further from the ecliptic. These KBOs likely formed closer to the Sun and were emplaced on their present orbits by Neptune's migration, 119 so their composition and dynamics are particularly useful probes of planetary formation and migration history.
By the time of WFIRST, the survey efforts of the Dark Energy Survey (using the DECam instrument at the Cerro Tololo Inter-American Observatory), followed by the LSST, will provide a comprehensive catalogue of all r < 24.5 KBOs in this region of sky in Sloan griz. Assuming a heliocentric distance of 40 AU, an observer distance of 39 AU, a geometric albedo of 0.08, an average g-r color for KBOs of 0. 65, 120 and using the SDSS to Johnson filter conversions from Lupton, 121 this r magnitude limit corresponds to >70 km. The serendipitous WFI imaging will, therefore, augment the spectral photometry for known KBOs, which will have well-determined orbits with small sky uncertainties within the FOV. Current estimates for the size of the high-latitude KBO population are exceptionally uncertain: observations of a few hundred KBOs to r ∼ 25 (diameter of ∼55 km) are plausible. 122, 123 WFIRST will reach r ∼ 27 (diameter of ∼20 km) with each set of exposures in a particular filter during the HLS survey. 1 This limit is 2.5 mag fainter (10 times lower flux) than the DES and LSST surveys. Put a different way, this means that WFIRST will be able to observe objects ∼3 times smaller at the same distance and observe objects of a particular size ∼3 times further away compared to DES and LSST.
Serendipitous discovery of new KBOs is very likely based on the observing strategy of the HLS. The strategy, as currently defined, is to observe ∼9 deg 2 through one filter, switch filters, and cover the same area again until it has been observed through all four filters. The exposure length for each filter at each dither position (of which there will be 4 for each pointing) will be 174 s. The full ∼9-deg 2 area will take ∼5.4 h to cover in each filter (slightly longer for the J129 filter due to one additional dither), and approximately a day for that area to be covered through all four filters. If we conservatively define "detection" of a moving target as a shift in the centroid position by one WFI pixel (0.11″), objects out to heliocentric distances of ∼17 AU could be detected between 174-s exposures and out to ∼100 AU in only ∼45 min. Assuming sufficient brightness in each filter, motion of all solar system objects will be detectable with the 1-day cadence of the HLS; these detections will also be more robust than provided by a 1-pixel shift in the centroid position. WFIRST will return to the same patch of sky every ∼0.5 years and execute the same strategy at a different roll angle. The return visits could eventually allow mining of moving target discoveries from the transient, nonstationary catalogs. [124] [125] [126] The compositional classes of KBOs are only beginning to be understood. KBOs have a steep size distribution and orbit at large heliocentric distances, making most of them small and faint, even for space-based facilities. A detailed examination of the population in the proposed WFI bandpasses with multiband photometry will provide substantial new compositional information. The WFIRST wavelength regions are barely explored for the majority of KBO populations. Ground-based observations require exorbitant amounts of time to provide sufficient SNR to investigate compositional variation. Whether these minor planets are detectable in the observed WFI bandpass will depend on their albedo, diameter, and distance from the Sun. A strong bias will apply to favoring detections at orbital perihelion. KBOs exhibit a range of colors from solar to substantially redder-than-solar. 127 Observations of KBOs through multiple filters will result in near-infrared spectral slopes that provide a first-order look at compositional differences. Thus detection of new minor bodies with the HLS could probe an interesting subset of the color phase space of the <150 km diameter KBO population, but it is likely to be challenging to map to dynamical populations and thus composition and migration history unless time is invested in a GO/ToO program to obtain better-quality orbits for these faint KBOs.
Microlensing Survey
The WFIRST microlensing survey is designed to detect light curve variations due to a host star with a planet passing in front of a background star. This is an effective way to detect planets at further distances from their host stars, and complements the transit method, which is useful for observing planets at smaller orbital distances. This survey will cover 7 to 8 contiguous WFI fields (1.96 to 2.24 deg 2 ) near the galactic bulge between RA 265 deg and 267 deg and declination −30 deg to −26 deg (the small magenta region in Fig. 11 ). These 7 to 8 fields will be observed during 6 nonconsecutive 72-day campaigns over the 6-year WFIRST nominal mission. WFIRST will cycle through the 7 to 8 fields for the entirety of the 72-day campaign, with 15 min spent on each field. The majority of the observations will be through the wide band W149 filter (ten 52-s exposures plus overheads); every 12 h the fields will be observed through the Z087 filter (two 290-s exposures plus overheads). This will result in ∼33;000 epochs through the W149 filter and ∼700 through the Z087 filter.
This large number of epochs, and even larger number of individual exposures, will enable detection and further study of slower-moving solar system objects, such as KBOs, without much additional effort. An unmodified microlensing survey could detect KBOs down to a V magnitude of 30.2;
128 this equates to objects ∼11 km in diameter, assuming a heliocentric distance of 40 AU and a geometric albedo of 0.04. KBO satellites would be detectable down to a V magnitude of 31.0 (∼7 km) due to the benefit of a smaller search area. Satellites within 10 mas (∼0.1 pixel) could be identified around primaries with a maximum V magnitude of 25.0. Detection of these satellites would result in a significant increase in the total number of known KBO binary systems (∼80 are currently known) and thus an increase in known system masses. The cadence of this survey will allow KBOs and their satellites to be identified in multiple images through the W149 filter over a time baseline of approximately days for the construction of rotation light curves of both components.
Supernova Survey
The supernova survey, as defined by the science definition team, 1 is set to take place over a 2-year timespan with three imaging depth "tiers." The purpose is to discover and characterize supernovae, with the ultimate goal of identifying new type Ia supernovae to test cosmological theories of the expansion of the universe. The potential survey fields are shown in blue in Fig. 11 ; it is currently unclear if one or both of these fields will be used. The plan is for each field to be visited every 5 days, resulting in a total of 146 visits over the 2-year survey duration. Each visit is 30-h long, with 8 h for imaging with the WFI and 22 h for spectroscopy with the IFC.
Three different "tiers" of imaging depth will be achieved within the 8 h of imaging each visit. Table 7 presents the details for each tier. Total times for each tier are 3.0, 2.0, and 3.0 h, respectively. Individual WFI exposure times range from 13 to 265 s. The 22 h of IFC observations will be broken into short, medium, and long exposures for each supernova observed. The duration of the medium and long exposures will be 1.3 and 1.8 times the duration of the short exposure, with the short-exposure time determined by the redshift of the supernova. Individual IFC exposure times range from 27.39 to 2560.2 s.
The proposed supernova survey fields will be well off the ecliptic, resulting in fewer serendipitous detections of solar system minor bodies. However, images from the WFI portion of the survey and potential parallel images taken during the IFC portion could be used to constrain the number of minor bodies in high-inclination orbits, including NEAs, Centaurs, and comets. As currently defined, objects at observer distances of 0.5, 3.0, 4.2, 14.0, 29.0, and 49.0 AU can be detected down to 0.02, 0.3, 0.5, 5, 20, and 56 km in diameter, respectively, with the J129 filter in tier 3 (assuming a geometric albedo of 0.08). The proposed survey regions of the supernova survey are in the southern hemisphere, and therefore, overlap with the LSST survey region. WFIRST will have an advantage over LSST (in this small part of the sky) because it will probe deeper, enabling identification of fainter objects. Statistics on the number of detections (or nondetections), even in such a small area of sky, would result in useful constraints on the high-inclination minor body population.
It is unclear at this time whether or not parallel observations with the WFI can be made during IFC observations due to data volume constraints, or if a GO proposal would be allowed to attach parallel observations to supernova survey observations since the targeted field would likely be within the survey area (Sec. 3.3). If parallel observations do not cause data volume issues, it seems likely that the designers of the survey would include parallel imaging observations to increase the chances of discovering additional supernovae. Another complication is that the currently defined strategy, as described above, was found to be nonideal for the detection of new supernovae. 129 Suggestions to improve the survey include adding additional filters to the imaging portion, removing tier 1 and shifting the time to tiers 2 and 3, or removing the IFC component altogether. All of these potential changes must be considered when evaluating the effectiveness of supernova survey data for the detection of minor bodies from specific populations.
CGI Survey
Due to the late addition of the CGI instrument to the WFIRST mission, the coronagraphy survey has yet to be well-defined. Information on the goals of the survey, sky coverage, and target selection is not currently available. However, these observations could be ideal for parallel observations with the WFI (see Sec. 3.3 on parallel observations), assuming that the science policy allows parallels and does not prevent them from being attached to CGI survey observations.
Additional Science Investigations
Giant Planets
Due to the brightness of Jupiter and Saturn, and the sensitivity of the WFI detectors, it is unlikely that imaging observations of these giant planets will be possible without the implementation of subarrays (Sec. 3.4). Spectra of Jupiter and Saturn, though at a very low resolution (R ∼ 100), may not result in saturation, but would likely be of limited use. Only the broadest absorption features would be identifiable in the spectra (Fig. 12) . The JWST NIRSpec instrument is expected to be more adept at providing new insights into the composition of giant planet atmospheres due to the choice of a high-resolution (R ∼ 2700) grating. It is currently unclear if JWST/NIRCam observations of Jupiter or Saturn will be possible due to saturation concerns. In general, JWST will be a more appropriate tool for many of the science investigations described below, but JWST's nominal (2020 to 2025) and expected (2020 to 2030) mission lifetimes suggest that WFIRST may outlast it. In this sense, it is useful to consider what science WFIRST could carry out in a post-JWST world. The relatively lower brightness of the ice giants Uranus and Neptune will allow WFIRST to obtain images and spectra of theses planets. The timing of WFIRST's nominal mission, the late 2020s to early 2030s, is set to occur during seasonal periods of Uranus and Neptune that have not yet been studied with modern instruments. For instance, northern hemisphere (system III) summer on Uranus will begin in 2030; due to Uranus' extreme axial tilt (∼98 deg), the southern hemisphere will be in complete darkness and the northern hemisphere will experience constant illumination. WFIRST could, therefore, enable some of the first calculations of wind velocities surrounding Uranus' North pole and provide further constraints for investigating seasonal variations on Uranus. These data would also provide a useful comparison to previous results on the circulation patterns in Uranus' atmosphere. 133, 134 Clouds in Neptune's southern hemisphere increased in size and albedo in the years leading up to the solstice in 2005 (northern winter/southern summer). 135 Each season on Neptune spans ∼40 years, so seasonal changes are relatively slow, with the current increase in cloud activity thought to be observable until the early 2020s. WFIRST may be well-placed to observe this expected transition, as the midway point (cross quarter) between the 2005 solstice and 2046 equinox occurs between 2025 and 2026.
In the IFC, the angular diameters of Uranus (∼3.7 00 ) and Neptune (∼2.4 00 ) will result in ∼74 and 48 pixels across their disks, respectively, using the 0.05″/pixel plate scale. The entire disk of Neptune will fit in the IFC FOV (3.0 00 × 3.15 00 ) but Uranus would require a 4-tile mosaic to cover its entire disk. Spectral imaging of Uranus and Neptune with the IFC will reveal CH 4 profiles in these planets' atmospheres as a function of latitude and altitude. Time-domain studies over the life of the WFIRST mission would add the time dimension to these maps and provide a useful baseline for future space-and ground-based observing programs that aim to study the dynamics of the ice giant atmospheres.
Giant Planet Satellites
Following the end of the Cassini mission in September 2017, there are no other missions planned to study the giant planet satellites that are likely to arrive at their destination prior to the launch of WFIRST: ESA's JUICE and NASA's Europa Clipper missions are currently slated to arrive in Jupiter orbit between 2025 and 2030, no Saturn missions are planned, and a Uranus or Neptune mission is in the early planning stages. Ground-and space-based facilities, such as WFIRST, are, therefore, needed to provide preparatory observations of these satellite systems prior to any future missions and to help define their science objectives. The below snapshots of possible giant planet satellite observations are presented in order to show what WFIRST is capable of and not necessarily to describe new and ground-breaking science.
Tracking volcanoes on Io
Identification of ongoing volcanic activity on Io is best done between 3 and 5 μm, a spectral regime outside of WFIRST's range, but within the range of JWST. 136 Near-infrared observations between 0.6 and 2.0 μm do not provide a definitive identification due to the contamination from reflected sunlight: bright regions could be regions of volcanic activity or just Fig. 12 Surface brightness of the giant planets from 0.5 to 2.0 μm plotted at the resolution of the IFC. [130] [131] [132] WFI filter bandwidths are presented as boxes across the top of the plot, with the filter name labeled within each box (see Table 1 for filter bandpasses).
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Jul-Sep 2018 • Vol. 4 (3) high-albedo areas. However, such observations would provide useful information if they were made while Io is in Jupiter's shadow. This removes the flux due to reflected sunlight and any bright regions detected are, therefore, the result of thermal emission and possible volcanic activity. For 2 h, every ∼42-h (Io's orbital period) Io is in Jupiter's shadow, allowing many opportunities for these observations. The spatial resolution of the IFC (∼20 pixels across the disk) is sufficient for identifying large, hot regions indicative of ongoing volcanic activity.
Spectral evidence for plume activity on Europa
Salts and hydrated minerals, possibly brought to Europa's surface by plume activity, 39, 137, 138 are easily detectable through identification of weakened water ice absorption features at the low spectral resolution (R ∼ 100) of the IFC. 139 Assuming that an IFC resolution element is ∼0.2 00 , regions ∼750-km (1/4 of a Europa diameter) in diameter would be resolvable at the distance of Jupiter (∼5.2 AU). This equates to a total of ∼18 resolution elements covering Europa's disk. Comparing the depth and shape of water ice absorption bands between 1.4 to 1.7 and 1.9 to 2.0 μm for different areas of Europa's surface will provide clues about the locations of ongoing or recent activity.
Tracking of clouds and surface features on Titan
Understanding Titan's methane meteorology is of critical importance for several reasons. At the simplest level, the methane humidity controls the radiative balance of the lower atmosphere, through collisional-induced opacity that is substantially due to CH 4 -N 2 pairs. 140 Thus methane stops the atmosphere from cooling too far and freezing out entirely. 141 The methane fraction at the cold trap (tropopause) is also important for controlling how much methane enters the stratosphere, where it diffuses upward and engages in photochemistry, producing haze. 142 Third, methane precipitation is crucial for understanding the history of the surface. Titan's surface is carved by river channels at low latitudes, and the Huygens landing site is apparently a dried-up seabed. 143 At higher latitudes, the surface is pock-marked with holes that resemble collapsed karst-like terrain and may be periodically filled with liquid methane. 144 At the north polar regions, there are large methane seas the size of North America's Great Lakes. 145 The coevolution of the surface and atmosphere is currently much debated, since Titan apparently had much greater liquid covering in the past, 146 perhaps analogous to Mars in this respect. WFIRST will be capable of tracking ongoing surface and atmospheric changes on Titan shortly after equinox in the mid-2020s and into northern hemisphere winter. Tracking of seasonal methane clouds is possible at the spatial resolution provided by the IFC (∼14 pixels across the disk) with a key focus area on methane windows at 0.85, 0.93, 1.08, 1.27, and 1.59 for detection of clouds 147 in the lower atmosphere. Low values of spectral ratios at 1.59∕1.08 μm and 1.59∕1.27 μm relative to the 1.27∕1.08-μm ratio are indicative of regions dominated by surface water ice and lacking in liquid methane. 148 Time-domain studies with the IFC would be used for identifying regions that go from being dominated by water ice to liquid methane, or vice versa, signaling seasonal changes.
Spectral characterization of smaller satellites
The origin of many of the small regular and irregular satellites of the giant planets are currently unknown, but near-infrared spectra can provide valuable clues. As described in Sec. 5.3, the irregular satellites are grouped into families based on shared orbital and color characteristics, but these criteria are imperfect and surface composition is really needed to be more confident of family membership. Surface composition is also a useful tracer of the population of origin or collisional origin of the irregular satellites. However, very few irregular satellites have known surface compositions, complicating this determination. 9, 149 The origins of some of the small regular satellites of the giant planets also remain uncertain. For example, Amalthea, the largest inner regular satellite of Jupiter, probably did not form at its current distance; 150 further spectral studies are needed to better understand the origin of the inner satellites and the evolution of the Jupiter satellite system. The composition of the rings of Jupiter and Uranus is also unknown, and it is believed that these rings are replenished from the nearby regular satellites. 25, 151, 152 Constraining the surface composition of the nearby regular satellites would, therefore, provide valuable clues to the composition of the rings.
The IFC can obtain spectra with an SNR of ∼10 in a 1000-s exposure for targets with V magnitudes of ∼24.9.
1 For comparison, the NIRSpec integral field unit (IFU) in Prism mode (R ∼ 100) can achieve an SNR of ∼10 in 1000 s on a V ∼ 23.8 object. At this sensitivity, the IFC could obtain new or improved near-infrared spectra of most intermediate-sized giant planet satellites, both classical and irregular. At this limiting magnitude, an SNR of ∼10 could be achieved in 1000 s for satellites of Jupiter, Saturn, Uranus, and Neptune, of 1.0, 3.5, 15.5, and 36.5 km, respectively (assuming a geometric albedo of 0.08). This means that decent SNR spectra of all currently known satellites of Jupiter and Uranus could be made with the IFC. The same is true for a majority of Saturn's satellites, including all irregular satellites, with only a handful of small interior satellites excluded. The IFC would be capable of obtaining spectra with adequate SNR for all Neptune satellites except for the recently discovered S/2004 N1. 17 The previous statements neglect the issue of scattered light from the giant planets; in other words, spectra of satellites with smaller semimajor axes will be significantly impacted by scattered light from the very bright nearby planet. An analysis of this effect is dependent on a firm understanding of the optical design of the telescope and is outside the scope of this paper.
Comets
Comets are remainders from the time of the formation of the giant planets and serve as a probe of primitive composition. Comets can be broadly grouped into two categories based on their orbital characteristics: JFCs (short-period comets) and Oort Cloud comets (long-period comets). JFCs typically have orbital periods <20 years and low inclinations; their orbits have been shaped by gravitational interactions with Jupiter. The long-period comets have more elliptical orbits, cover a large range of inclinations, and originate in the Oort Cloud, a spherical reservoir of minor bodies beyond the Kuiper belt. Although comets are most recognizable by their activity (the presence of a cloud of dust and gas and/or dust tails), other potentially active objects include active asteroids, MBCs (Sec. 7.4.2), and Centaurs (Sec. 7.5.1). WFIRST will be able to observe comets beyond where water sublimation is dominant over other species (<2.5 AU) and activity onset and diminishment for species not previously characterized. Since dust characteristics are best studied at near-infrared wavelengths (Sec. 7.3.2), WFIRST fills a critical niche in wavelength space.
Here, we will demonstrate how WFIRST will complement JWST in wavelength, characterize surface absorption features of the nucleus in each high-SNR channel of the IFU, and utilize the statistical survey sampling afforded by the WFI. We define three science cases where WFIRST can play a key role:
• How many comets are in the Oort Cloud (Sec. 5.4)?
• What are the properties of cometary ice?
• What are the sizes and shapes of cometary nuclei?
Before we can address those questions, we will need to assess how many comets are observable by WFIRST. For this, we repeated the JWST nonsidereal rate study 153 using WFIRST's solar elongation constraints (Fig. 13) . In brief, they considered all known comets with perihelion dates between January 2010 and January 2015, independent of their discovery circumstances: 221 short-period and 172 long-period comets. We find that WFIRST can observe a greater fraction of comets than JWST due to the wider FOR (54 deg to 126 deg versus 85 deg to 135 deg), despite the same rate limit of 30 mas/s. Moreover, long-period comets are much better observed within the inner solar system. However, this tracking limit still misses many observing opportunities: ∼43% of the targets at r h ¼ 1.5 AU can be tracked, dropping to 20% at 1.2 AU. Ensuring a robust nonsidereal tracking limit is critical for obtaining observations of bright and active comets near the Sun and Earth (Sec. 3.1). Doubling the nonsidereal tracking rate from 30 to 60 mas/s would significantly increase the number of comets observable by WFIRST, especially long-period comets, and enable more detailed spatial studies of the inner structure of comet comae.
Present estimates of cometary populations suggest considerable numbers of cometary bodies will be accessible to WFIRST observations. In order to establish lower bounds, we neglect activity and assume bare cometary nuclei albedos are ∼5%, similar to some other outer solar system populations. 154 This means that WFIRST, with magnitude limits approaching V ¼ 26 or more, will be capable of detecting objects down to sizes of ∼1 km beyond Jupiter's orbit. The total population of JFCs has been estimated to be ∼2000. 155 For long-period comets within 8 AU, lower limits suggest ∼1000 comets per year will be potentially observable by WFIRST through targeted observations, both in their quiescent and active phases. The densities of the populations of the primordial comet reservoirs set primary constraints on the formation and evolution of the early solar system. Linked to these quantities is the determination of the amount and nature of material presently available within the Oort Cloud. 156, 157 The Oort cloud is the solar system's "deep freeze storage," where material is best preserved in its original form against the effects of insolation from the time of its emplacement. It is also the direct source of long-period comets. 158 However, the current estimates of the mass of the Oort cloud are based on comets that get relatively close to the Sun. These constraints, largely based on careful debiasing of surveys, have set meaningful order-of-magnitude estimates, 99, 155, 159 yet have their limitations. Specifically, the effect of giant planet perturbations in curtailing the influx of cometary bodies from the outer solar system, as manifested in the socalled "Jupiter barrier" effect, cannot be directly assessed through surveys dominated by comets in near-Earth orbits, as Fig. 13 (a) Fraction of comets with perihelion dates between January 2010 and January 2015 that would be observable by WFIRST as a function of heliocentric distance. The dotted line represents short-period comets, the dashed represents line long-period comets, and the solid line represents all comets. Comets at smaller heliocentric distances will be moving at a faster nonsidereal rate than those farther away. Short-period comets are more likely to be observable due to their lower velocity compared to the long-period comets, which are on highly eccentric orbits. The nominal 30 mas/s tracking limit places a significant limit on observations of comets and their nuclei within 2.0 AU of the Sun. assumptions rely on discovery of comets within heliocentric distances where water-sublimation dominates. WFIRST's sensitivity and the planned astrophysics surveys can be used to serendipitously identify and characterize activity in much more distant comets, and thereby to assess the number of active comets beyond Jupiter's orbit relative to the presently observed fluxes within. Recent infrared observations 46, [160] [161] [162] have shown volatile species, other than water, that are more active 163 at greater distances are ubiquitous. WFIRST can, therefore, place important constraints on solar system formation theories and comet evolution. Large space-based surveys, owing to their systematic sampling unencumbered by variable seeing and weather, would also be easier to debias 155 than ground-based surveys of comparable and even lesser depth. Large area imaging surveys with the WFI will allow us to quantify how long activity persists and at the same time to make the deepest inventory of distant comets and their reservoirs yet (see Sec. 5.4).
What are the properties of cometary ice?
Water ice is a key component of comets and was a significant planet-building material in the early solar system beyond the frost line. Therefore, assessing the physical properties of water ice in comets is essential to test comet nuclei formation scenarios. The WFI filters are too broad to determine the presence or absence of water ice absorption bands; however, the IFC has sufficient spectral coverage and resolution to map the waterice distribution in the comae of comets through analysis of the amorphous 1.5 μm and crystalline 1.65 μm water ice absorption bands. A quantitative assessment of water ice grain sizes would only be possible by extending the long-wavelength limit of the IFC to >2.2 μm in order to disentangle the effects of grain size and abundance using the 1.5-μm and strong 2.0-μm water ice absorption features. 164 Submicrometer grains present a strong absorption feature at 2.0 μm, but not at 1.5 μm;
165 the IFC wavelength range, as currently defined, does not provide full coverage of the broad 2.0-μm absorption feature. Thus the NIRSpec IFU on JWST would be a better choice for grain size studies, but WFIRST will be able to explore the state of water ice on the surface and in the comae of comets too faint to be observed by JWST (Sec. 7.2.4). WFIRST will be able to constrain the sizes, shapes, and albedos of cometary nuclei by combining high angular resolution with the increased nucleus-coma brightness ratio provided by nearinfrared IFC observations. Currently, only a small number of comet nuclei have been studied using coma extraction techniques but WFIRST would increase the sample size significantly. 45, 155, 160, 166 The removal of residual comae possibly extant even at larger distances 160 will be enabled by the high resolution and WFIRST's stable and well-characterized PSF, as the coma extraction techniques fit the wings of the dust coma with a ð1∕rÞ −n profile and extrapolate to the nucleus PSF. WFIRST has an advantage over optical HST observations in that much of the near-infrared lacks any significant gas emission bands, effectively increasing the nucleus-coma brightness ratio, and facilitating the fidelity of the single-index profile model along limited azimuthal ranges to the actual coma signal. Second, the sensitivity of WFIRST allows for observations at greater distances when the object is less active. Finally, the pixel scale of the WFI is slightly higher in the near-infrared than in the WFC3 infrared channel on HST (0.11 versus 0.13″/pixel). The JWST NIRCam instrument has a pixel scale of ∼0.031 00 , smaller PSFs over the whole near-infrared range, and is slightly more sensitive than the WFI, so the use of WFIRST for the imaging investigation makes sense only in the post-JWST era. However, the IFC is more sensitive than the NIRSpec IFU at the same spectral resolution (R ∼ 100, SNR of 10 in 1000 s for V ¼ 24.9 versus V ¼ 23.8).
WFIRST's FOR is also more favorable for observations of longperiod comets in the inner solar system than JWST, making WFIRST the go-to choice for low-resolution spectral studies shortward of 2.0 μm. By noting surface constituents, through spectroscopic features of silicates, darkening agents like amorphous carbon, and ice species (Sec. 7.3.2), better estimates of surface albedos can be achieved.
Inner Solar System Minor Bodies
Asteroid families
The study of asteroid families within the main asteroid belt, which represent disrupted parent bodies or swarms of fragments ejected from a parent asteroid's surface, informs compositional, taxonomic, and dynamical questions concerning asteroid family origin and evolution. [167] [168] [169] In particular, questions concerning actually genetic family membership, the presence of interlopers (i.e., nongenetic family members) among a family population, family space weathering trends, and the ability of asteroid taxonomies to correctly identify family members are issues that must be addressed to accurately determine the distribution and abundance of genetic asteroid family members. [170] [171] [172] [173] [174] [175] [176] Only through accurate identification of family members that originated from their respective parent asteroids can rigorous compositional and dynamical studies of individual families be conducted.
Observations utilizing the WFIRST IFC to conduct low-resolution (R ∼ 100) visible-and near-infrared reflectance spectroscopy have the potential to more strongly constrain the genetic asteroid family membership for many asteroid families as well as test asteroid family taxonomic classifications. The IFC is more sensitive than the NIRSpec IFU on JWST (R ∼ 100, SNR of 10 in 1000 s for V ¼ 24.9 versus V ¼ 23.8) and can, therefore, obtain spectra of family members or candidates at the lower end of the size-frequency distribution. Acquisition of spectra from 0.6 to 2.0 μm outside of the obscuring telluric features of Earth's atmosphere and using the full WFIRST 2.4-m telescope aperture will allow the detection of mineral absorption features that include olivine (∼1.0 μm), pyroxene (∼0.9 and ∼1.9 μm), spinel (∼1.4 μm), and possibly phyllosilicates (0.7 μm). Detection of these mineral absorption features will allow direct spectral and mineralogical comparisons between potential family members and the parent body, to discover nonfamily interlopers or diversity among a family via detections of different mineral(s) and to verify or reject a presumed mineralogy/composition based solely on a taxonomic classification.
Active asteroids
Active asteroids 177 are a newly recognized classification of solar system minor bodies that possess asteroid-like dynamical properties (typically defined as having a Tisserand parameter with respect to Jupiter of T J > 3) but exhibit mass loss similar to comets. They include MBCs, 178 which orbit in the main asteroid belt and whose dust emission is due to the sublimation of volatile ice, and disrupted asteroids, whose dust emission is due to physically disruptive processes such as impacts or rotational destabilization rather than sublimation (Fig. 14) . MSCs present an opportunity to study the nature, extent, and abundance of ice in inner solar system bodies and have implications for understanding the formation of our solar system and delivery of water to the early Earth. Disrupted asteroids present opportunities to study disruptive processes on small bodies in real time for comparison to theoretical models of those processes and also for inferring properties of their interiors. Discovery of more such objects 179 is crucial for advancing our understanding of their abundance and distribution in the inner solar system and the ranges of various physical properties associated with these objects (e.g., sizes, activity levels, active lifetimes, rotation periods, colors, etc.). Serendipitous discovery of active asteroids too faint to be identified by LSST will increase the known population of these objects and enable follow-up by other ground-and space-based telescope facilities.
Serendipitous detection of MBCs and other active asteroids will be conducted using data obtained as part of the already planned WFIRST high latitude (Sec. 6.1) and microlensing surveys (Sec. 6.2). The WFI wavelength range should make it more sensitive to large dust particles, which should persist longer for active objects (provided that they can be ejected at speeds greater than the active object's escape velocity), widening the observability window for detection of active events. Given the field positions of these surveys (mostly far from the ecliptic), we do not expect a large number of MBCs to be discovered. There may, however, be the opportunity for discovery of non-main-belt active asteroids or other low-activity cometary bodies among the near-Earth object population which has a substantially broader inclination distribution (and therefore, a broader ecliptic latitude distribution) than the main-belt asteroid population. A GO survey program to identify new active asteroids may be more successful, though more limited in observing time. Targeted observations of currently known active asteroids would extend the time-baseline of observations for the purpose of measuring potential changes in activity and could be undertaken by the CGI. Compositional studies of the ejected dust would be better handled by the NIRSpec IFU on JWST due to its broader wavelength range, but WFIRST will potentially extend the time baseline of observations into the 2030s.
Jupiter Trojan asteroids
The Jupiter Trojans either have two very distinct origins or have the same origin and are drawn from a population with a wide range of colors. 6, 180 The origin of Jupiter's Trojan asteroids is still up for debate, and with the discovery of two distinct compositional classes, there may not be just one answer. These two classes have different near-infrared colors 5 and spectral properties, suggesting two different origins; the L4 and L5 clouds are home to members of both compositional classes. The IFC can provide higher-SNR near-infrared spectra than the NIRSpec IFU of more Jupiter Trojans, increasing the sample size for comparison to the irregular satellites and other minor body populations such as main-belt asteroids, Centaurs, Neptune Trojans, and KBOs. Previous work presents near-infrared colors for only 58 Jupiter Trojans, spread across the leading and trailing clouds. 5 Colorimetry of ∼100 currently known Jupiter Trojans that lack near-infrared colors would almost double the sample size and help in determining whether or not transition objects exist and thus enable a more thorough assessment of the origins of the two distinct populations. This work would be enhanced with a K-band filter for use with the WFI (Sec. 3.2). WFIRST is also well-placed to provide supporting observations of the Jupiter Trojans for the JAXA Solar Power Sail and NASA's Lucy Discovery-class mission (Sec. 4.4), both of which are set to launch in the early 2020s and make close flybys of Trojan asteroids later that decade. Characterization of a larger fraction of the Trojan population by WFIRST will enhance the scientific gains from these missions by tying high-resolution imaging and spectroscopy together with population-wide trends for a more comprehensive evaluation of Trojan origins. Discovery and orbit determination of smaller Trojan asteroids could be used by the Lucy team to plan remote observations during cruise from one target to the next. Centaurs are thought to be a transition population between KBOs and the JFCs, but their origin and evolution remain poorly understood. Two aspects of Centaurs could provide the observational evidence needed for a better understanding of this population: cometary activity and the red/gray dichotomy in the color distribution of Centaurs.
Some Centaurs have been found to be active [e.g., Chiron, P/2004 A1 (LONEOS), P/2011 S1 (Gibbs), 166P/NEAT, Echeclus, 29P/Schwassmann-Wachmann], but cometary activity is either very weak (<<30 kg∕s) or entirely absent. 181 A survey of cometary activity among Centaurs is fundamental for understanding if they have a common origin or if there is a difference in origin and evolution between active and nonactive Centaurs. Moreover, to relate mass loss due to cometary activity to other parameters, both orbital (e.g., inclination and heliocentric distance) and optical (e.g., albedo and color), it is important to reconstruct the dynamical history of these objects. The detection of gas commonly related to cometary activity has been successful on a few Centaurs, but for many of them only an upper limit of their abundance has been calculated. 182, 183 Possible constituents include ammonia (NH 3 ), methane (CH 4 ), CO, CO 2 , methanol (CH 3 OH), ethane (C 2 H 6 ), acetylene (C 2 H 2 ), hydrogen cyanide (HCN), as well as amorphous and crystalline water ice.
Centaurs are grouped into two main families based on visible color (e.g., V-R and B-R). "red" and "gray" Centaurs are two distinct families, and no transition objects between the two families have been observed. 127 This suggests differences in origin and/or dynamical evolution. In the first scenario, red and gray Centaurs formed at different heliocentric distances in the solar nebula, with the red Centaurs retaining materials thought to result in more pronounced surface reddening (e.g., CH 4 and CH 3 OH). 184 In the second scenario, the red Centaurs are more primitive and went through fewer periods of cometary activity than the gray Centaurs, implying that the gray Centaurs underwent significantly more dynamical evolution. Previous work aimed at testing these scenarios by investigating correlations between color, albedo, and orbital parameters (e.g., semimajor axis, inclination, eccentricity, and perihelion distance). It was found that gray Centaurs have higher inclination angles and lower albedos than the red Centaurs; no correlations were identified between color and the other orbital parameters. 127, 185 The lack of correlation between color and a majority of the orbital parameters suggests the former scenario (differences in origin) may be the most accurate explanation, but a larger sample of near-infrared colors and spectra is needed to confirm this result.
Spectroscopy with the IFC will allow detection of most of the volatile elements that may exist on the surfaces of Centaurs. The IFC is sensitive at wavelengths where broad absorption features and overtones of crystalline water ice (1.65 μm), amorphous water ice (1.5 μm), and CH 4 (1.2, 1.7, and 1.8 μm) are present. The IFC data will also allow for measurements of the infrared spectral slope and to relate it to band depths of volatiles. Other important measurements, particularly those of fainter Centaurs, will be possible by the imager, which covers the 0.6-to 2.0-μm wavelength range. In particular, calculation of near-infrared albedos and spectral slopes will allow for discrimination between a larger number of red and gray Centaurs, as well as a comparison to the distributions of visible albedo and spectral slopes from LSST. Additionally, WFIRST's FOR covers all declinations between the North and South ecliptic poles (with observable right ascensions dependent on the time of year), enabling observations of recently discovered high-inclination Centaurs. 186, 187 These Centaurs, while only a small subset of the entire population, may be related to comets from the Oort Cloud and determination of their colors and surface compositions should provide further information for evaluating current theories of Centaur origins and evolution. LSST will be unable to observe a large portion of the northern sky, so detection of high-inclination Centaurs at these declinations will only be possible with WFIRST. Spectral observations of Centaurs, especially smaller, fainter members of the population, are more appropriate for WFIRST's WFI than the NIRSpec IFU on JWST due to the WFI's higher sensitivity (R ∼ 100, SNR of 10 in 1000 s for V ¼ 24.9 versus V ¼ 23.8).
Kuiper belt objects
Based on dynamical considerations, the population of KBOs is the likely reservoir of the Centaurs and JFCs, both of which are relatively short-lived compared to the 4.5 Gyr history of the solar system. KBOs, including the dynamically excited KBOs, likely formed in the outer solar system and were swept out to their present location and emplaced via resonances with Neptune. 188 There, they have resided for most of the age of the solar system, and because they have not undergone a prolonged period of intense insolation, are primitive samples of the solar system's primordial composition. Over time, these bodies may be perturbed into planet-crossing orbits and evolve first into SDOs, 189 and then Centaurs, 158, 190 which in turn may evolve into JFCs through continued interaction with Jupiter.
The compositional link is less clear, however, between KBOs and the Centaurs and JFCs. As mentioned in Sec. 7.5.1, Centaurs fall into two different color groups, with minimal correlation between color and dynamical properties. KBOs have red and gray subpopulations 127 that are more clearly correlated with their dynamical properties, 158 but the correlation between the KBO and Centaur color groups is not established, nor is the compositional source of these color differences, though different theories have been proposed. 184 Further comparison of the color distributions of the Centaur and KBO populations, particularly the SDOs, is needed to assess potential links between the two populations. Similar distributions in near-infrared colors, as noticed for the visible colors, 191 would suggest similar surface compositions and provide a stronger link between the two populations.
In a 1000-s exposure, WFIRST can observe objects at the 5-σ level with a V magnitude of 27.1 in each of the Z087, J129, and H158 filters, respectively. This corresponds to a 5-σ detection of KBOs at 40 AU with diameters of ∼25 km in each filter (Fig. 3) . Significantly higher SNR can be achieved on brighter objects, a category that includes most, if not all, currently known KBOs and Centaurs. This investigation is more compelling for JWST/ NIRCam, due to its larger suite of filters, dual-channel imaging, and higher sensitivity, but it is important to understand WFIRST's capabilities for the eventual post-JWST world.
In 1000 s, the IFC can obtain an SNR of 10 in each R ∼ 100 resolution element for a V ∼ 24.9 object, which is a full magnitude fainter than the NIRSpec IFU. The IFC could, therefore, provide high-SNR near-infrared spectra of a large majority of the currently known KBO population. Spectral studies of intermediate-sized objects from the ground is a difficult task, requiring many hours of time on-target to achieve low-SNR spectra. 9, 10, [192] [193] [194] In only 1000 s, the IFC would provide useful spectra for constraining the presence of water ice on the surfaces of intermediate-to-small KBOs. Previously identified trends in water ice abundance with absolute magnitude (which is related to diameter and geometric albedo) suggest that there is a transition from water-rich to water-poor surfaces between absolute magnitudes of 3 to 5. 193, 194 One possible explanation is that this transition corresponds to a KBO mass where differentiation can occur, with smaller objects remaining undifferentiated. Thus the IFC could contribute in a significant way to the understanding of interior processes on KBOs early in solar system history.
Continued study of KBO binaries and multiple systems, of which over 80 are currently known, is valuable in that they provide mass and density constraints on the system as a whole. However, it is not clear how these systems formed, whether through coformation, collisions, or capture. 195 Measurement of the rotation periods of the individual components provides a useful indicator of the tidal state of the system for evaluation of the formation mechanism. WFIRST will provide deep imaging through all filters, with objects detectable in a 1000-s exposure down to V ¼ 27.7 and V ¼ 27.2 through the W149 and Z087 filters, respectively.
1 This depth will allow observations of some of the faintest known KBOs, including the smallest minor satellites of Pluto: Styx and Kerberos. The angular resolution of the WFI is adequate for separating the components of a handful of KBO systems, including Pluto/Charon/Styx/Nix/ Kerberos/Hydra, Eris/Dysnomia, Haumea/Namaka/Hi'iaka, Quaoar/Weywot, Teharonhiawako/Sawiskera, Mors-Somnus, and among others. 20, 196 See Sec. 6.2 for a discussion on the prospects for serendipitous detection of new KBO satellites with WFIRST.
The sensitivity of the WFI and the timing of the mission can be leveraged to increase the time baseline of rotational light curve observations for the faint minor satellites of Pluto (Styx, Nix, Kerberos, and Hydra) and the satellites of Haumea (Hi'iaka and Namaka). Observations of Pluto's minor satellites prior to the New Horizons flyby in 2015 suggested that they are chaotically tumbling, with unpredictable pole orientations from one epoch to the next. 31 A surprisingly short-rotation period was calculated for Hi'iaka, the larger of Haumea's two satellites. 197 This work found a rotation period much faster than the satellite's orbital period, which at first glance points to a system that has undergone little tidal evolution. This could have significant implications for the formation of Haumea's satellites, which are usually considered to have formed after the giant impact that produced the Haumea collisional family. 198 There is currently no rotation period for the smaller of the two satellites, Namaka. Continued monitoring of these satellites' rotation periods requires time on space-based telescopes such as HST, JWST, and WFIRST (these satellites are generally too faint for usable data to be obtained from the ground). WFIRST is expected to be in operation later than either HST or JWST and can, therefore, continue monitoring these satellites into the 2030s, ultimately providing a time baseline of 15 to 20 years to search for changes in their rotation periods or any repeating trends that would hint at interesting dynamical processes.
Summary
The WFIRST SSWG identified a broad range of science investigations with all three instruments that cover a large fraction of the different solar system populations, including near-Earth asteroids, main-belt asteroids, comets, Trojan asteroids, giant planets, giant planet satellites, Centaurs, and KBOs. The Working Group also identified a list of the most compelling investigations that are unique to WFIRST, ground-breaking in their respective fields, and exciting to the general public, including:
• Identification of additional binary asteroid systems with similar characteristics to Ida/Dactyl using the WFIRST CGI.
• Making use of WFIRST's FOR and FOV to search for new Earth Trojan asteroids with the WFI.
• Efficiently probe the entirety of the Hill spheres of the giant planets to potentially identify up to 1000, 200, 100, and 5 additional faint irregular satellites around Jupiter, Saturn, Uranus, and Neptune, respectively.
• Undertake a search for the first known objects orbiting in the inner Oort Cloud (r > 100 AU) with the W149 broadband filter.
Use of data from all of the planned astrophysics surveys will likely result in the identification and characterization of new minor bodies, and possibly even identification of new minor body populations. Although LSST and JWST will lead the way in large-area surveys and space-based infrared observations in the 2020s, respectively, WFIRST is poised to pick up where both facilities will leave off when their primary missions end in ∼2030. Incremental science with WFIRST is expected to be productive, but only if moving target tracking is commissioned from the onset of science operations.
We encourage the solar system community to continue to follow developments for the WFIRST mission. Some aspects of the mission are still uncertain, such as the final suite of instruments and the prospects for moving target tracking. Continued efforts to identify innovative solar system programs are also encouraged so that the best science can be performed starting as early as the first cycle. The opportunities presented by WFIRST are unique and exciting, and only an informed solar system science community will be able to make the most of them. significantly improve and focus this paper. We would also like to thank Jeff Kruk for his comments and clarifications, as well as Ed Nelan 
